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PREFACE. 


Tue function of laboratory instruction in physics is twofold. 
Elementary courses are intended to develop the power of discrimi- 
nating observation and to put the student in personal contact with 
the phenomena and general principles discussed in textbooks and 
lecture demonstrations. The apparatus provided should be of the 
simplest possible nature, the experiments assigned should be for 
the most part qualitative or only roughly quantitative, and em- 
phasis should be placed on the principles illustrated rather than 
on the accuracy of the necessary measurements. On the other 
hand, laboratory courses designed for more mature students, who 
are supposed to have a working knowledge of fundamental prin- 
ciples, are intended to give instruction in the theory and practice 
of the methods of precise measurement that underlie all effective 
research and supply the data on which practical engineering enter- 
prises are based. ‘They should also develop the power of logical 
argument and expression, and lead the student to draw rational 
~ conclusions from his observations. The instruments provided 
should be of standard design and efficiency in order that the stu- 
dent may gain practice in making adjustments and observations 
under as nearly as may be the same conditions that prevail in 
original investigation. 

Measurements are of little value in either research or engineering 
applications unless the precision with which they represent the 
measured magnitude is definitely known. Consequently, the stu- 
dent should be taught to plan and execute proposed measurements 
within definitely prescribed limits and to determine the accuracy 
of the results actually attained. Since the treatment of these 
matters in available laboratory manuals is fragmentary and often 
very inadequate if not misleading, the author some years ago 
undertook to impart the necessary instruction, in the form of lec- 
tures, to a class af junior engineering students. Subsequently, 
textbooks on the Theory of Errors and the Method of Least 
Squares were adopted but most of the applications to actual prac- 
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tice were still given by lecture. The present treatise is the result 
of the experience gained with a number of succeeding classes. It 
has been prepared primarily to meet the needs of students in en- 
gineering and advanced physics who have a working knowledge 
of the differential and integral calculus. It is not intended to 
supersede but to supplement the manuals and instruction sheets 
usually employed in physical laboratories. Consequently, par- 
ticular instruments and methods of measurement have been de- 
scribed only in so far as they serve to illustrate the principles 
under discussion. 

The usefulness of such a treatise was suggested by the marked 
tendency of laboratory students to carry out prescribed work in a 
purely automatic manner with slight regard for the significance or 
the precision of their measurements. Consequently, an endeavor 
has been made to develop the general theory of measurements and 
the errors to which they are subject in a form so clear and concise 
that it can be comprehended and applied by the average student 
with the prescribed previous training. To this end, numerical ex- 
amples have been introduced and completely worked out whenever 
this course seemed likely to aid the student in obtaining a thorough 
grasp of the principles they illustrate. On the other hand, inher- 
ent difficulties have not been evaded and it is not expected, or 
even desired, that the student will be able to master the subject 
without vigorous mental effort. 

The first seven chapters deal with the general principles that 
underlie all measurements, with the nature and distribution of the 
errors to which they are subject, and with the methods by which 
the most probable result is derived from a series of discordant 
measurements. The various types of measurement met with in 
practice are classified, and general methods of dealing with each 
of them are briefly discussed. Constant errors and mistakes are 
treated at some length, and then the unavoidable accidental errors 
of observation are explicitly defined. The residuals corresponding 
to actual measurements are shown to approach the true accidental 
errors as limits when the number of observations is indefinitely 
increased and their normal distribution in regard to sign and mag- 
nitude is explained and illustrated. After a preliminary notion of 
its significance has been thus imparted, the law of accidental errors 
is stated empirically in a form that gives explicit representation to 
all of the factors involved. It is then proved to be in conformity 
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with the axioms of accidental errors, the principle of the arith- 
metical mean, and the results of experience. The various char- 
acteristic errors that are commonly used as a measure of the 
accidental errors of given series of measurements are clearly de- 
fined and their significance is very carefully explained in order that 
they may be used intelligently. Practical methods for computing 
them are developed and illustrated by numerical examples. 

Chapters eight to twelve inclusive are devoted to a general dis- 
cussion of the precision of measurements based on the principles 
established in the preceding chapters. The criteria of accidental 
errors and suitable methods for dealing with constant and syste- 
matic errors are developed in detail. The precision measure, of 
the result computed from given observations, is defined and its 
significance is explained with the aid of numerical illustrations. 
The proper basis for the criticism of reported measurements and 
the selection of suitable numerical values from tables of physical 
constants or other published data is outlined; and the importance 
of a careful estimate of the precision of the data adopted in en- 
gineering and scientific practice is emphasized. The applications 
of the theory of errors to the determination of suitable methods 
for the execution of proposed measurements are discussed at some 
length and illustrated. 

In chapter thirteen, the relation between measurement and re- 
search is pointed out and the general methods of physical research 
are outlined. Graphical methods of reduction and representation 
are explained and some applications of the method of least squares 
are developed. The importance of timely and adequate publica- 
tion, or other report, of completed investigations is emphasized 
and some suggestions relative to the form of such reports are given. 

Throughout the book, particular attention is paid to methods of 
computation and to the proper use of significant figures. For the 
convenience of the student, a number of useful tables are brought 
together at the end of the volume. 

A. DE Forrest PALMER. 


Brown UNIVERSITY, 
July, 1912. 
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THE 
THEORY OF MEASUREMENTS 


CHAPTER I. 
GENERAL PRINCIPLES. 


1. Introduction. — Direct observation of the relative position 
and motion of surrounding objects and of their similarities and 
differences is the first step in the acquisition of knowledge. 
Such observations are possible only through the sensations pro- 
duced by our environment, and the value of the knowledge thus 
acquired is dependent on the exactness with which we corre- 
late these sensations. Such correlation involves a quantitative 
estimate of the relative intensity of different sensations and of 
their time and space relations. As our estimates become more 
and more exact through experience, our ideas regarding the 
objective world are gradually modified until they represent 
the actual condition of things with a considerable degree of 
_ precision. 

The growth of science is analogous to the growth of ideas. 
Its function is to arrange a mass of apparently isolated and un- 
related phenomena in systematic order and to determine the in- 
terrelations between them. For this purpose, each quantity that 
enters into the several phenomena must be quantitatively deter- 
mined, while all other quantities are kept constant or allowed 
to vary by a measured amount. The exactness of the relations 
thus determined increases with the precision of the measure- 
ments and with the success attained in isolating the particular 
phenomena investigated. 

A general statement, or a mathematical formula, that ex- 
presses the observed quantitative relation between the different 
magnitudes involved in any phenomenon is called the law of 


that phenomenon. As here used, the word law does not mean 
‘i 
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that the phenomenon must follow the prescribed course, but 
that, under the given conditions and within the limits of error 
and the range of our measurements, it has never been found to 
deviate from that course. In other words, the laws of science 
are concise statements of our present knowledge regarding 
phenomena and their relations. As we increase the range and 
accuracy of our measurements and learn to control the condi- 
tions of experiment more definitely, the laws that express our 
results become more exact and cover a wider range of phenomena. 
Ultimately we arrive at broad generalizations from which the 
laws of individual phenomena are deducible as special cases. 

The two greatest factors in the progress of science are the 
trained imagination of the investigator and the genius of 
measurement. To the former we owe the rational hypotheses 
that have pointed the way of advance and to the latter the 
methods of observation and measurement by which the laws of 
science have been developed. 

2. Measurement and Units. — To measure a quantity is to 
determine the ratio of its magnitude to that of another quan- 
tity, of the same kind, taken as a unit. The number that 
expresses this ratio may be either integral or fractional and is 
called the numeric of the given quantity in terms of the chosen 
unit. In general, if Q@ represents the magnitude of a quantity, 
U the magnitude of the chosen unit, and N the corresponding 
numeric we have 


Q = NU, (I) 


which is the fundamental equation of measurement. The two 
factors N and U are both essential for the exact specification of 
the magnitude Q. For example: the length of a certain line 
is five inches, i.e., the line is five times as long as one inch. It 
is not sufficient to say that the length of the line is five; for in 
that case we are uncertain whether its length is five inches, five 
feet, or five times some other unit. 

Obviously, the absolute magnitude of a quantity is independent 
of the units with which we choose to measure it. Hence, if we 
adopt a different unit U’, we shall find a different numeric N’ 
such that 

Q=N'U’, (II) 


NU = N'U’, 


and consequently 
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i 
or a (111) 
Equation (III) expresses the general principle involved in the 
transformation of units and shows that the numeric varies in- 
versely as the magnitude of the unit; i.e., if U is twice as large 
as U’, N will be only one-half as large as N’. To take a con- 
crete example: a length equal to ten inches is also equal to 
25.4 centimeters approximately. In this case N equals ten, 


N’ equals 25.4, U equals one inch, and U’ equals one centi- 
he 


meter. The ratio of the numerics = is 2.54 and hence the 


inverse ratio of the units a is also 2.54, i.e., one inch is equal to 


2.54 centimeters. 
Equation (III) may also be written in the form 
i’ 

N =WN' 7? (IV) 
which shows that the numeric of a given quantity relative to the 
unit U is equal to its numeric relative to the unit U’ multiplied 

/ 
by the ratio of the unit U’ to the unit U. The ratio - is called 
the conversion factor for the unit U’ in terms of the unit U. 
It is equal to the number of units U in one unit U’, and when 
multiplied by the numeric of a quantity in terms of U’ gives 
the numeric of the same quantity in terms of U. The con- 
version factor for transformation in the opposite direction, ie., 


; U 
from U to U’, is obviously the inverse of the above, or Ur In 


general, the numerator of the conversion factor is the unit in 
which the magnitude is already expressed and the denominator 
is the unit to which it is to be transformed. For example: 
one inch is approximately equal to 2.54 centimeters, hence the 
numeric of a length in centimeters is about 2.54 times its numeric 
in inches. Conversely, the numeric in inches is equal to the 
numeric in centimeters divided by 2.54 or multiplied by the 
reciprocal of this number. 

In so far as the theory of mensuration and the attainable 
accuracy of the result are concerned, measurements may be made 
in terms of any arbitrary units and, in fact, the adoption of such 
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units is frequently convenient when we are concerned only with 
relative determinations. In general, however, measurements are 
of little value unless they are expressed in terms of generally 
accepted units whose magnitude is accurately known. Some 
such units have come into use through common consent but most 
of them have been fixed by government enactment and their per- 
manence is assured by legal standards whose relative magnitudes 
have been accurately determined. Such primary standards, pre- 
served by various governments, have, in many cases, been very 
carefully intercompared and their conversion factors are accu- 
rately known. Copies of the more important primary standards 
may be found in all well-equipped laboratories where they are 
preserved as the secondary standards to which all exact measure- 
ments are referred. Carefully made copies are, usually, sufficiently 
accurate for ordinary purposes, but, when the greatest precision 
is sought, their exact magnitude must be determined by direct 
comparison with the primary standards. The National Bureau 
of Standards at Washington makes such comparisons and issues 
certificates showing the errors of the standards submitted for 
test. : 

3. Fundamental and Derived Units. — Since the unit is, neces- 
sarily, a quantity of the same kind as the quantity measured, we 
must have as many different units as there are different kinds of 
quantities to be measured. Each of these units might be fixed 
by an independent arbitrary standard, but, since most measur- 
able quantities are connected by definite physical relations, it is 
more convenient to define our units in accordance with these 
relations. Thus, measured in terms of any arbitrary unit, a 
uniform velocity is proportional to the distance described in 
unit time; but, if we adopt as our unit such a velocity that the 
unit of length is traversed in the unit of time, the factor of pro- 
portionality is unity and the velocity is equal to the ratio of the 
space traveled to the elapsed time. 

Three independently defined units are sufficient, in connection 
with known physical relations, to fix the value of most of the 
other units used in physical measurements. We are thus led to 
distinguish two classes of units; the three fundamental units, 
defined by independent arbitrary standards, and the derived 
units, fixed by definite relations between the fundamental units. 
The magnitude, and to some extent the choice, of the fundamental 
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units is arbitrary, but when definite standards for each of these 
units have been adopted the magnitude of all of the derived units 
is fixed. 

For convenience in practice, legal standards have been adopted 
to represent some of the derived units. The precision of these 
standards is determined by indirect comparison with the standards 
representing the three fundamental units. Such comparisons are 
based on the known relations between the fundamental and de- 
rived units and are called absolute measurements. The practical 
advantage gained by the use of derived standards lies in the fact 
that absolute measurements are generally very difficult and require 
great skill and experience in order to secure a reasonable degree 
of accuracy. On the other hand, direct comparison of derived 
quantities of the same kind is often a comparatively simple 
matter and can be carried out with great precision. 

4. Dimensions of Units.— The dimensions of a unit is a 
mathematical formula that shows how its magnitude is related 
to that of the three fundamental units. In writing such formule, 
the variables are usually represented by capital letters inclosed 
in square brackets. ‘Thus, [M], [Z] and [T] represent the dimen- 
sions of the units of mass, length and time respectively. 

Dimensional formule and ordinary algebraic equations are 
essentially different in significance. The former shows the rela- 
tive variation of units, while the latter expresses a definite mathe- 
matical relation between the numerics of measurable quantities. 
Thus if a point in uniform motion describes the distance L in the 
time T its velocity V is defined by the relation 


L 

V= rr | (V) 
Since Z and T are concrete quantities of different kind, the right- 
hand member of this equation is not a ratio in the strict arithmet- 
ical sense; i.e., it cannot be represented by a simple abstract num- 
ber. Hence, in virtue of the definite physical relation expressed 
by equation (V), we are led to extend our idea of ratio to include 
the case of concrete quantities. From this point of view, the ratio 
of two quantities expresses the rate of change of the first quantity 
with respect to the second. It is a concrete quantity of the same 
kind as the quantity it serves to define. As an illustration, con- 
sider the meaning of equation (V). Expressed in words, it is “ the 
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velocity of a point, in uniform motion, is equal to the time rate at 
which it moves through space.” 

If we represent the units of velocity, length, and time by [V], 
[L], and [T!, respectively, and the corresponding numerics by 2, 
1, and ¢, we have by equation (I), article two, 


VeVy b= aay 


and equation (V) becomes 


Liv 
vf[V] = Thee 
or Ht 
SNe ae 


Since, by definition, [V] and i are quantities of the same kind, 


their ratio can be expressed by an abstract number k and equation 
(VI) may be written in the form 


= he, (VII) 


which is an exact numerical equation containing no concrete 
quantities. 

The numerical value of the constant k obviously depends on 
the units with which L, T, and V are measured. If we define the 
unit of velocity by the relation 


[L] 
Via 
or, as it is more often written, 
[V] = [LT], (VIII) 


k becomes equal to unity and the relation (VII) between the 
numerics of velocity, length, and time reduces to the simple form 


v= as (IX) 


t 
The foregoing argument illustrates the advantage to be gained 
by defining derived units in accordance with the physical rela- 
tions on which they depend. By this means we eliminate the 
often incommensurable constants of proportionality such as k 
would be if the unit of velocity were defined in any other way 
than by equation (VIII). 
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The expression on the right-hand side of equation (VIII) is the 
dimensions of the unit of velocity when the units of length, mass, 
and time are chosen as fundamental. The dimensions of any 
other units may be obtained by the method outlined above when 
we know the physical relations on which they depend. The form 
of the dimensional formula depends on the units we choose as 
fundamental, but the general method of derivation is the same in 
all cases. As an exercise to fix these ideas the student should 
verify the following dimensional formule: choosing [M], [L], and 
[T] as fundamental units, the dimensions of the units of area, 
acceleration, and force are [L’], [LT], and [MLT~| respectively. 
As.an illustration of the effect of a different choice of fundamental 
units, it may be shown that the dimensions of the unit of mass is 
[FLT?] when the units of length [Z], force [F], and time [T] are 
chosen as fundamental. The dimensions of some important 
derived units are given in Table I at the end of this volume. 

5. Systems of Units in General Use. — Consistent systems 
of units may differ from one another by a difference in the choice 
of fundamental units or by a difference in the magnitude of the 
particular fundamental units adopted. The systems in common 
use illustrate both types of difference. 

Among scientific men, the so-called c.g.s. system is almost 
universally adopted, and the results of scientific investigations 
are seldom expressed in any other units. The advantage of such 
uniformity of choice is obvious. It greatly facilitates the com- 
parison of the results of different observers and leads to general 
advance in our knowledge of the phenomena studied. The units 
of length, mass, and time are chosen as fundamental in this 
system and the particular values assigned to them are the centi- 
meter for the unit of length, the gram for the unit of mass, and 
the mean solar second for the unit of time: 

The units used commercially in England and the United States 
of America are far from systematic, as most of the derived units 
are arbitrarily defined. So far as they follow any order, they 
form a length-mass-time system in which the unit of length is the 
foot, the unit of mass is the mass of a pound, and the unit of time 
is the second. This system was formerly used quite extensively 
by English scientists and the results of some classic investigations 
are expressed in such units. 

English and American engineers find it more convenient to use 
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a system in which the fundamental units are those of length, 
force, and time. The particular units chosen are the foot as the 
unit of length, the pound’s weight at London as the unit of force, 
and the mean solar second as the unit of time. We shall see that 
this is equivalent to a length-mass-time system in which the units 
of length and time are the same as above and the unit of mass is 
the mass of 32.191 pounds. 

6. Transformation of Units. — When the relative magnitude 
of corresponding fundamental units in two systems is known, a 
result expressed in one system can be reduced to the other with 
the aid of the dimensions of the derived units involved. Thus: 
let A, represent the magnitude of a square centimeter, A; the 
magnitude of a square inch, NV, the numeric of a given area when 
measured in square centimeters, and NV; the numeric of the same 
area when measured in square inches; then, from equation (IV), 
article two, we have 

1. 
a 


But if Z, is the magnitude of a centimeter and LZ; that of an inch, 
A; is equal to L,?, and therefore 


4 =75-(F) 
Ae SALE te igs 


Ni=N. 


L; 
A, 
A; 
to square inches is equal to the square of the conversion factor 


Hence, the conversion factor for reducing square centimeters 


L, ‘ ; ‘ 
re for reducing from centimeters to inches: Now the dimensions 


of the unit of area is [L?], and we see that the conversion factor 
for area may be obtained by substituting the corresponding con- 
version factor for lengths in this dimensional formula. This is a. 
simple illustration of the general method of transformation of 
units. When the fundamental-units in the two systems differ in 
magnitude, but not in kind, the conversion factor for correspond- 
ing derived units in the two systems is obtained by replacing the 
fundamental units by their respective conversion factors in the 
dimensions of the derived units considered. 

It should be noticed that the fundamental units in the c.g.s. 
system are those of length, mass, and time, while on the engineer’s 
system they are length, force, and time. In the latter system, 
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force is supposed to be directly measured and expressed by the 
dimensions [fF]. Consequently the dimensions of the unit of 
mass are [/L~'T], and the unit of mass is a mass that will acquire 
a velocity of one foot per second in one second when acted upon 
by a force of one pound’s weight. For the sake of definiteness, 
the unit of force is taken as the pound’s weight at London, where 
the acceleration due to gravity (g) is equal to 32.191 feet per 
second per second. Otherwise the unit of force would be variable, 
depending on the place at which the pound is weighed. 

From Newton’s second law of motion we know that the relation 
between acceleration, mass, and force is given by the expression 


} = ma. 


For a constant force the acceleration produced is inversely pro- 
portional to the mass moved. Now the mass of a pound at London 
is acted upon by gravity with a force of one pound’s weight, and, if 
free, it moves with an acceleration of 32.191 feet per second per 
second. Hence a mass equal to that of 32.191 pounds acted 
upon by a force of one pound’s weight would move with an acceler- 
ation of one foot per second per second, i.e., it would acquirea 
velocity of one foot per second in one second. Hence the unit of 
mass in the engineer’s system is 32.191 pounds mass. This unit 
is sometimes called a slugg, but the name is seldom met with since 
engineers deal primarily with forces rather than masses, and are 


content to write - for mass without giving the unit a definite 


name. This is equivalent to saying that the mass of a body, 
expressed in sluggs, is equal to its weight, at London, expressed in 
pounds, divided by 32.191. 

After careful consideration of the foregoing discussion, it will 
be evident that the engineer’s length-force-time system is exactly 
equivalent to a length-mass-time system in which the unit of 
length is the foot, the unit of mass is the slugg or 32.191 pounds’ 
mass, and the unit of time is the mean solar second. In the latter 
system the fundamental units are of the same kind as those of 
the ¢.g.s. system. Hence, if the conversion factor for the unit 
of mass is taken as the ratio of the magnitude of the slugg to that 
of the gram, quantities expressed in the units of the engineer’s 
system may be reduced to the equivalent values in the c.g.s. 
system by the method described at the beginning of this article. 
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When, as is frequently the case, the engineer’s results are expressed 
in terms of the local weight of a pound as a unit of force in place 
of the pound’s weight at London, the result of a transformation 
of units, carried out as above, will be in error by a factor equal to 
the ratio of the acceleration due to gravity at London and at the 
location of the measurements. Unless the local gravitational 
acceleration is definitely stated by the observer and unless he 
has used his length-force-time units in a consistent manner, it is 
impossible to derive the exact equivalent of his results on the 
¢.g.8. system. 


CHAPTER II. 
MEASUREMENTS. 


IN article two of the last chapter we defined the term ‘“‘ measure- 
ment” and showed that any magnitude may be represented by 
the product of two factors, the numeric and the unit. The object 
of all measurements is the determination of the numeric that ex- 
presses the magnitude of the observed quantity in terms of the 
chosen unit. For convenience of treatment, they may be classified 
according to the nature of the measured quantity and the methods 
of observation and reduction. 

7. Direct Measurements. — The determination of a desired 
numeric by direct observation of the measured quantity, with the 
aid of a divided scale or other indicating device graduated in 
terms of the chosen unit, is called a direct measurement. 

Such measurements are possible when the chosen unit, together 
with its multiples and submultiples, can be represented by a 
material standard, so constructed that it can be directly applied 
to the measured quantity for the purpose of comparison, or when 
the unit and the measured magnitudes produce proportional 
effects on a suitable indicating device. 

Lengths may be directly measured with a graduated scale, 
masses by comparison with a set of standard masses on an equal 
arm balance, time intervals by the use of a clock regulated to 
give mean solar time, and forces with the aid of a spring balance. 
Hence magnitudes expressible in terms of the fundamental units 
of either the c.g.s. or the engineer’s system may be directly 
measured. 

Many quantities expressible in terms of derived units, that can 
be represented by material standards, are commonly determined 
by direct measurement. As illustrations, we may cite the deter- 
mination of the volume of a liquid with a graduated flask and the 
measurement of the electrical resistance of a wire by comparison 
with a set of standard resistances. 

8. Indirect Measurements. — The determination of a desired 
numeric by computation from the numerics of one or more 

11 
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directly measured magnitudes, that bear a known relation to the 
desired quantity, is called an indirect measurement. 

The relation between the observed and SIO magnitudes 
may be expressed in the general form 


y= F(Gihep) ly ee es ONC ee 


where y, 21, %2, etc., represent measured or computed magnitudes, 
or the numerics corresponding to them, a, 6, c, etc., represent 
constants, and F indicates that there is a functional relation 
between the other quantities. This expression is read, y equals 
some function of 21, v2, etc., and a, b, c, ete. In any particular 
case, the form of the function F and the number and nature of the 
related quantities must be known before the computation of the 
unknown quantities is undertaken. 

Most of the indirect measurements made by physicists and 
engineers fall into one or another of three general classes, char- 
acterized by the nature of the unknown and measured magnitudes 
and the form of the function F’. 


9. Classification of Indirect Measurements. 
Ie 


In the first class, y represents the desired numeric of a magni- 
tude that is not directly measured, either because it is impossible 
or inconvenient to do so, or because greater precision can be at- 
tained by indirect methods. The form of the function F and the 
numerical values of all of the constants a, 6, c, étc., appearing in 
it, are given by theory. The quantities x1, 22, etc., represent 
the numerics of directly measured magnitudes. In the following 
pages indirect measurements belonging to this class will sometimes 
be referred to as derived measurements. 

As an illustration we may cite the determination of the density 
s of a solid sphere from direct measurements of its mass M and 
its diameter D with the aid of the relation 


M . 
+7D3 


Comparing this expression with the general formula given above, 
we note that s corresponds to y, M to 21, D to x2, } to a, x to b, 


$s = 


The form of the func- 


and that F represents the function a 


eS eee 
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tion is given by the definition of density as the ratio of the mass 
to the volume of a body and the numerical constants 4 and x are 
given by the known relation between the volume and diameter of 
a sphere. 


TL 


In the second class of indirect measurements, the numerical 
constants a, b, ¢, etc., are the unknown quantities to be computed, 
the form of the function F is known, and all of the quantities y, 
21, TZ, etc., are obtained by direct measurements or given by 
theory. The functions met with in this class of measurements 
usually represent a continuous variation of the quantity y with 
respect to the quantities 71, 22, etc., as independent variables. 
Hence the result of a direct measurement of y will depend on the 
particular values of 2, 22, etc., that obtain at the time of the 
measurement. Consequently, in computing the constants a, b, c, 
etc., we must be careful to use only corresponding values of the 
measured quantities, i.e., values that are, or would be, obtained 
by coincident observations on the several magnitudes. 

Every set of corresponding values of the variables y, x1, X2, etc., 
when used in connection with the given function, gives an algebraic 
relation between the unknown quantities a, 6, c, etc., involving 
only numerical coefficients and absolute terms. When we have 
obtained as many independent equations as there are unknown 
quantities, the latter may be determined by the usual algebraic 
methods. We shall see, however, that more precise results can 
be obtained when the number of independent measurements far 
exceeds the minimum limit thus set and the computation is made 
by special methods to be described hereafter. 

The determination of the initial length Lp and the coefficient of 
linear expansion a of a metallic bar from a series of measurements 
of the lengths L; corresponding to different temperatures ¢ with the 
aid of the functional relation 


Ty = Ln (1 + at) 
is an example of the class of measurements here considered. Such 
measurements are sometimes called determinations of empirical 
constants. 
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Tie 


The third class of indirect measurements includes all cases in 
which each of a number of directly measured quantities y1, Y2, Ys, 
etc., is a given function of the unknown quantities 21, 2, £3, etc., 
and certain known numerical constants a, 6, c, ete. In such cases 
we have as many equations of the form 


aj = Li Ea, oe eee Oe ee 


Yo = F's ip te, 2s, - oe an Oe ieen, 


as there are measured quantities y1, y2, ete. This number must 
be at least as great as the number of unknowns 2, 2, etc., and 
may be much greater. 
The functions F;, Fe, 
etc., are frequently dif- 
ferent in form and some 
of them may not con- 
tain all of the un- 
knowns. The numeri- 
calconstants, appearing 
in different functions, 
are generally different. 
But the form of each 
of the functions and 
the values of all of the 
constants must be 
known before a solu- 
tion of the problem is 
possible. 
Problems of this type 
Fie. 1. are frequently met with 
in astronomy and geod- 
esy. One of the simplest is known as the adjustment of the 
angles about a point. Thus, let it be required to find the most 
probable values of the angles 2, x2, and 23, Fig. 1, from direct 
measurements of yi, Yo, Ys, -.. Ys In this case the general 
equations take the form 
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Yi = XN, 

Y2 = 41+, 

Ys = %1 + Xo + 2s, 
Y4 = X2, 

Ys = %2 + Xs, 

Yo = La, 


and all of the numerical constants are either unity or zero. The 
solution of such problems will be discussed in the chapter on the 
method of least squares. 

10. Determination of Functional Relations. — When the form 
of the functional relation between the observed and unknown 
magnitudes is not known, the solution of the problem requires 
something more than measurement and computation. In some 
cases a study of the theory of the observed phenomena, in con- 
nection with that of allied phenomena, will suggest the form of the 
required function. Otherwise, a tentative form must be assumed 
after a careful study of the observations themselves, generally by 
graphical methods. In either case the constants of the assumed 
function must be determined by indirect measurements and the 
results tested by a comparison of the observed and the computed 
values of the related quantities. If these values agree within the 
accidental errors of observation, the assumed function may be 
- adopted as an empirical representation of the phenomena. If 
the agreement is not sufficiently close, the form of the function 
is modified, in a manner suggested by the observations, and the 
process of computation and comparison is repeated until a satis- 
factory agreement is obtained. A more detailed treatment of 
such processes will be found in Chapter XIII. 

11. Adjustment, Setting, and Observation of Instruments. — 
Most of the magnitudes dealt with in physics and engineering 
are determined by indirect measurements. But we have seen 
that all such quantities are dependent upon and computed from 
directly measured quantities. Consequently, a study of the 
methods and precision of direct measurement is of fundamental 
importance. 

In general, every direct measurement involves three distinct 
operations. First: the instrument adopted is so placed that its 
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scale is in the proper position relative to the magnitude to be 
measured and all of its parts operate smoothly in the manner and 
direction prescribed by theory. Operations of this nature are 
called adjustments. Second: the reference line of the instru- 
ment is moved, or allowed to move, in the manner demanded by 
theory, until it coincides with a mark chosen as a point of reference 
on the measured magnitude. We shall refer to this operation as a 
setting of the instrument. Third: the position of the index of 
the instrument, with respect to its graduated scale, is read. This 
is an observation. 

As an illustration, consider the measurement of the normal 
distance between two parallel lines with a micrometer microscope. 
The instrument must be so mounted that it can be rigidly clamped 
in any desired position or moved freely in the direction of its 
optical axis without disturbing the direction of the micrometer 
screw. The following adjustments are necessary: the axis of the 
micrometer screw must be made parallel to the plane of the two 
lines and perpendicular to a normal plane through one of them; 
the eyepiece must be so placed that the cross-hairs are sharply 
defined; the microscope must be moved, in the direction of its 
optical axis, until the image of the two lines, or one of them if the 
normal distance between them is greater than the field of view 
of the microscope, is in the same plane with the cross-hairs. The 
latter adjustment is correct when there is no parallax between the 
image of the lines and the cross-hairs. The setting is made by 
turning the micrometer head until the intersection of the cross- 
hairs bisects the image of one of the lines. Finally the reading 
of the micrometer scale is observed. A similar setting and ob- 
servation are made on the other line and the difference between 
the two observations gives the normal distance between the two 
lines in terms of the scale of the micrometer. 

12. Record of Observations. — In the preceding article, the 
word “‘observation” is used in a very much restricted sense to 
indicate merely the scale reading of a measuring instrument, 
This restriction is convenient in dealing with the technique of 
measurement, but many other circumstances, affecting the accu- 
racy of the result, must be observed and taken into account in a 
complete study of the phenomena considered. There is, however, 
little danger of confusion in using the word in the two different 
senses since the more restricted meaning is in reality only a 
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special case of the general. The particular significance intended 
in any special case is generally clear from the context. 

The first essential for accurate measurements is a elear and 
orderly record of all of the observations. The record should begin 
with a concise description of the magnitude to be measured, and 
the instruments.and methods adopted for the purpose. Instru- 
ments may frequently be described, with sufficient precision, by 
stating their name and number or other distinguishing mark. 
Methods are generally specified by reference to theoretical treatises 
or notes. The adjustment and graduation of the instruments 
should be clearly stated. The date on which the work is carried 
out and the location of the apparatus should be noted. 

Observations, in the restricted sense, should be neatly arranged 
in tabular form. The columns of the table should be so headed, 
and referred to by subsidiary notes, that the exact significance of 
all of the recorded figures will be clearly understood at any future 
time. All circumstances likely to affect the accuracy of the 
measurements should be carefully observed and recorded in the 
table or in suitably placed explanatory notes. 

Observations should be recorded exactly as taken from the 
instruments with which they are made, without mental computa- 
tion or reduction of any kind even the simplest. For example: 
when a micrometer head is divided into any number of parts 
other than ten or one hundred, it is better to use two columns in 
the table and record the reading of the main scale in one and 
that of the micrometer head in the other than to reduce the head 
reading to a decimal mentally and enter it in the same column 
with the main scale reading. This is because mistakes are likely 
to be made in such mental calculations, even by the most expe- 
rienced observers, and, when the final reduction of the observations 
is undertaken at a future time, it is frequently difficult or impos- 
sible to decide whether a large deviation of a single observation 
from the mean of the others is due to an accidental error of obser- 
vation or to a mistake in such a mental calculation. 

13- Independent, Dependent, and Conditioned Measure- 
ments. — Measurements on the same or different magnitudes are 
said to be independent when both of the following specifications 
are fulfilled: first, the measured magnitudes are not required to 
satisfy a rigorous mathematical relation among themselves; 
second, the same observation is not used in the computation of 
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any two of the measurements and the different observations are 
entirely unbiased by one another. 

When the first of these specifications is fulfilled and the second 
is not, the measurements are said to be dependent. Thus, when 
several measurements of the length of a line are all computed 
from the same zero reading of the scale used, they are all dependent 
on that observation and any error in the position of the zero mark 
affects all of them by exactly the same amount. When the position 
of the index relative to the scale of the measuring instrument is 
visible while the settings are being made, there is a marked tendency 
to set the instrument so that successive observations will be exactly 
alike rather than to make an independent judgment of the bisection 
of the chosen mark in each case. The observations, corresponding 
to settings made in this manner, are biased by a preconceived 
notion regarding the correct position of the index and the measure- 
ments computed from them are not independent. The impor- 
tance of avoiding faulty observations of this type cannot be too 
strongly emphasized. They not only vitiate the results of our 
measurements, but also render a determination of their precision 
impossible. 

Measurements that do not satisfy the first of the above speci- 
fications are called conditioned measurements. The different 
determinations of each of the related quantities may or may not 
be independent, according as they do or do not satisfy the second 
specification, but the adjusted results of all of the measurements 
must satisfy the given mathematical relation. Thus, we may 
make a number of independent measurements of each of the 
angles of a plane triangle, but the mean results must be so adjusted 
that the sum of the accepted values is equal to one hundred and 
eighty degrees. 

14. Errors and the Precision of Measurements. — Owing to 
unavoidable imperfections and lack of. constant sensitiveness in 
our instruments, and to the natural limit to the keenness of our 
senses, the results of our observations and measurements differ 
somewhat from the true numeric of the observed magnitude. 
Such differences are called errors of observation or measurement. 
Some of them are due to known causes and can be eliminated, 
with sufficient accuracy, by suitable computations. Others are 
apparently accidental in nature and arbitrary in magnitude. 
Their probable distribution, in regard to magnitude and frequency 


a 
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of occurrence, can be determined by statistical methods when a 
sufficient number of independent measurements is available. 

The precision of a measurement is the degree of approximation 
with which it represents the true numeric of the observed magni- 
tude. Usually our measurements serve only to determine the 
probable limits within which the desired numeric lies. Looked 
at from this point of view, the precision of a measurement may be 
considered to be inversely proportional to the difference between 
the limits thus determined. It increases with the accuracy, 
adaptability, and sensitiveness of the instruments used, and with 
the skill and care of the observer. But, after a very moderate 
precision has been attained, the labor and expense necessary for 
further increase is very great in proportion to the result obtained. 

A measurement is of little practical value unless we know the 
precision with which it represents the observed magnitude. 
Hence the importance of a thorough study of the nature and dis- 
tribution of errors in general and of the particular errors that 
characterize an adopted method of measurement. At first sight 
it might seem incredible that such errors should follow a definite 
mathematical law. But, when the number of observations is 
sufficiently great, we shall see that the theory of probability leads 
to a definite and easily calculated measure of the precision of a 
single observation and of the result computed from a number 
of observations. 

15. Use of Significant Figures. — When recording the nu- 
merical results of observations or measurements, and during all 
of the necessary computations, the number of significant figures 
employed should be sufficient to express the attained precision 
and no more. By significant figures we mean the nine digits and 
zeros when not used merely to locate the decimal point. 

In the case of the direct observation of the indications of instru- 
ments, the above specification is usually sufficiently fulfilled by 
allowing the last recorded significant figure to represent the 
estimated tenth of the smallest division of the graduated scale. 
For example: in measuring the length of a line, with a scale 
divided in millimeters, the position of the ends of the line would 
be recorded to the nearest estimated tenth of a millimeter. 

Generally, computed results should be so recorded that the 
limiting values, used to express the attained precision, differ by 
only a few units in the last one or two significant figures. Thus: 
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if the length of a line is found to lie between 15.65 millimeters and 
15.72 millimeters, we should write 15.68 millimeters as the result 
of our measurement. ‘The use of a larger nunber of significant 
figures would be not only a waste of space and labor, but also a 
false representation of the precision of the result. Most of the 
magnitudes we are called upon to measure are incommensurable 
with the chosen unit, and hence there is no limit to the ,wumber 
of significant figures that might be used if we chose to do so; but 
experienced observers are always careful to express all observa- 
tions and results and carry out all computations with a number 
just sufficient to represent the attained precision. The use of 
too many or too few significant figures is strong evidence of inex- 
perience or carelessness in making observations and computations. 
More specific rules for determining the number of significant 
figures to be used in special cases will be developed in connection 
with the methods for determining the precision of measurements. 

The number of significant figures in any numerical expression 
is entirely independent of the position of the decimal point. 
Thus: each of the numbers 5,769,000, 5769, 57.69, and 0.0005769 
is expressed by four significant figures and represents the corre- 
sponding magnitude within one-tenth of one per cent, notwith- 
standing the fact that the different numbers correspond to differ- 
ent magnitudes. In general, the location of the decimal point 
shows the order of magnitude of the quantity represented and 
the number of significant figures indicates the precision with which 
the actual numeric of the quantity is known. 

In writing very large or very small numbers, it is convenient 
to indicate the position of the decimal point by means of a positive 
or negative power of ten. Thus: the number 56,400,000 may 
be written 564 X 10° or, better, 5.64 X 10’, and 0.000075 may 
be written 75 X 10 or 7.5 X 10°. When a large number of 
numerical observations or results are to be tabulated or used in 
computation, a considerable amount of time and space is saved 
by adopting this method of representation. The second of the 
two forms, illustrated above, is very convenient in making com- 
putations by means of logarithms, as in this case the power of 
ten always represents the characteristic of the logarithm of the 
corresponding number. 

In rounding numbers to the required number of significant 
figures, the digit in the last place held should be increased by one 
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unit when the digit in the next lower place is greater than five, 
and left unchanged when the neglected part is less than five- 
tenths of a unit. ~When the neglected part is exactly five-tenths 
of a unit the last digit held is increased by one if odd, and left 
unchanged if even. Thus: 5687.5 would be rounded to 5688 and 
5686.5 to 5686. 

16.’ Adjustment of Measurements. — The results of inde- 
pendent measurements of the same magnitude by the same or 
different methods seldom agree with one another. This is due to 
the fact that the probability for the occurrence of errors of exactly 
the same character and magnitude in the different cases is very 
small indeed. Hence we are led to the problem of determining 
the best or most probable value of the numeric of the observed 
magnitude from a series of discordant measurements. The given 
data may be all of the same precision or it may be necessary to 
assign a different degree of accuracy to the different measure- 
ments. In either case the solution of the problem is called the 
adjustment of the measurements. 

The principle of least squares, developed in the theory of errors 
that leads to the measure of precision cited above, is the basis 
of all such adjustments. But the particular method of solution 
adopted in any given case depends on the nature of the measure- 
ments considered. In the case of a series of direct, equally pre- 
cise, measurements of a single quantity, the principle of least 
squares leads to the arithmetical mean as the most probable, and 
therefore the best, value to assign to the measured quantity. 
‘This is also the value that has been universally adopted on a priort 
grounds. In fact many authors assume the maximum probability 
of the arithmetical mean as the axiomatic basis for the develop- 
ment of the law of errors. 

The determination of empirical relations between measured 
quantities and the constants that enter into them is also based 
on the principle of least squares. For this reason, such deter- 
minations are treated in connection with the discussion of the 
methods for the adjustment of measurements. 

17. Discussion of Instruments and Methods. — The theory 
of errors finds another very important application in the discussion 
of the relative availableness and accuracy of different instruments 
and methods of measurement. Used in connection with a few 
preliminary measurements and a thorough knowledge of the 
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theory of the proposed instruments and methods, it is sufficient 
for the determination of the probable precision of an extended 
series of careful observations. By such means we are able to 
select the instruments and methods best adapted to the particular 
purpose in view. We also become acquainted with the parts of 
the investigation that require the greatest skill and care in order 
to give a result with the desired precision. 

The cost of instruments and the time and skill required in 
carrying out the measurements increase much more rapidly than 
the corresponding precision of the results. Hence these factors 
must be taken into account in determining the availableness of a 
proposed method. It is by no means always necessary to strive 
for the greatest attainable precision. In fact, it would be a 
waste of time and money to carry out a given measurement with 
greater precision than is required for the use to which it is to be 
put. For many practical purposes, a result correct within one- 
tenth of one per cent, or even one per cent, is amply sufficient. 
In such cases it is essential to adopt apparatus and methods that 
will give results definitely within these limits without incurring 
the greater cost and labor necessary for more precise deter- 
minations. 


CHAPTER III. 
CLASSIFICATION OF ERRORS. 


ALL measurements, of whatever nature, are subject to three 
distinct classes of errors, namely, constant errors, mistakes, and 
accidental errors. 

18. Constant Errors. — Errors that can be determined in 
sign and magnitude by computations based on a theoretical 
consideration of the method of measurement used or on a pre- 
liminary study and calibration of the instruments adopted are 
called constant errors. They are sometimes due to inadequacy of 
an adopted method of measurement, but more frequently to 
inaccurate graduation and imperfect adjustment of instruments. 

As a simple illustration, consider the measurement of the 
length of a straight line with a graduated scale. If the scale is 
not held exactly parallel to the line, the result will be too great 
or too small according as the line of sight in reading the scale is 
normal to the line or to the scale. The magnitude of the error 
thus introduced depends on the angle between the line and the 
scale and ean be exactly computed when we know this angle and 
the circumstances of the observations. If the scale is not straight, 
if its divisions are irregular, or if they are not of standard length, 
the result of the measurement will be in error by an amount 
depending on the magnitude and distribution of these inaccuracies 
of construction. The sign and magnitude of such errors can 
generally be.determined by a careful study and calibration of the 
scale. 

If M represents the actual numeric of the measured magnitude, 
M, the observed numeric, and C;, C2, C3, etc., the constant errors 
inherent in the method of measurement and the instruments used, 


Ma Mia Cra Gs Cg +, (1) 


The necessary number of correction terms Ci, C2, Cs, etc., is 
determined by a careful study of the theory and practical appli- 
cation of the apparatus and method used in finding My. The 


magnitude and sign of each term are determined by subsidiary 
23 


24. THE THEORY OF MEASUREMENTS _ [Azr. 18 


measurements or calculated, on theoretical grounds, from known 
data. Thus, in the above illustration, suppose that the scale is 
straight and uniformly graduated, that each of its divisions is 
1.01 times as long as the unit in which it is supposed to be gradu- 
ated, and that the line of the graduations makes.an angle a with 
the line to be measured. Under these conditions, the number of 
correction terms reduces to two: the first, C1, due to the false 
length of the scale divisions, and the second, C2, due to the lack 
of parallelism between the scale and the line. 

Since the actual length of each division is 1.01, the length of 
M) divisions, i.e., the length that would have been observed on 
an accurate scale, is 


M, = M, x 1.01 SS M,+ 0.01 Mo a My+ Ci; 
Cy = + 0.01 Mo. 


If the line of sight is normal to the line in making the observa- 
tions, the length M, that would have been obtained if the scale 
had been properly placed is 


M, = M,cosa = M,+ C2, 

C, =— M,) (1 —cosa)=— 2 Mosin? 
and (1) takes the form 

M = My + 0.01 My — 2Mosin®5, 


Qa 
a 


2 


= M(t n= a sin’$). 


The precision with which it is necessary to determine the cor- 
rection terms C,, C2, ete., and frequently the number of these 
terms that should be employed depends on the precision with 
which the observed numeric M, is determined. If Mo is measured 
within one-tenth of one per cent of its magnitude, the several 
correction terms should be determined within one one-hundredth 
of one per cent of Mo, in order that the neglected part of the sum 
of the corrections may be less than one-tenth of one per cent of 
My. If any correction term is found to be less than the above 
limit, it may be neglected entirely since it is obviously useless 
to apply a correction that is less than one-tenth of the uncer- 
tainty of Mp). 

In our illustration, suppose that the precision is such that we 
are sure that Mo is less than 1.57 millimeters and greater than 
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1.55 millimeters, but is not sufficient to give the fourth significant 
figure within several units. Obviously, it would be useless to 
determine C; and C2 closer than 0.001 millimeter, and if the mag- 
nitude of either of these quantities is less than 0.001 millimeter 
our knowledge of the true value of M is not increased by making 
the corresponding correction. In fact, it is usually impossible 
to determine the C’s with greater accuracy than the above limit, 
since, as in our illustration, Mo is usually a factor in the correction 
terms. Hence the writing down of more than the required num- 
ber of significant figures is mere waste of labor. 

When considering the availableness of proposed methods and 
apparatus, it is important to investigate the nature and magni- 
tude of the constant errors inherent in their use. It sometimes 
happens that the sources of such errors can be sufficiently elimi- 
nated by suitable adjustment of the instruments or modification 
of the method of observation. When this is not possible the 
conditions should be so chosen that the correction terms can be 
computed with the required precision. Even when all possible 
precautions have been taken, it very seldom happens that the 
sum of the constant errors reduces to zero or that the magni- 
tude of the necessary corrections can be exactly determined. 
Moreover, such errors are never rigorously constant, but present 
small fortuitous variations, which, to some extent, are indistinguish- 
able from the accidental errors to be described later. 

A more detailed discussion of constant errors and the limits 
_ within which they should be determined will be given after we 
have developed the methods for estimating the precision of the 
observed numeric M. 

19. Personal Errors. — When setting cross-hairs, or any other 
indicating device, to bisect a chosen mark, some observers will 
invariably set too far to one side of the center, while others will 
as consistentiy set on the other side. Again, in timing a transit, 
some persons will signal too soon and others too late. With 
experienced and careful observers, the errors introduced in this 
manner are small and nearly constant in magnitude and sign, 
but they are seldom entirely negligible when the highest possible 
precision is sought. 

Errors of this nature will be called personal errors, since their 
magnitude and sign depend on personal peculiarities of the 
observer. Their elimination may sometimes be effected by a 
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careful study of the nature of such peculiarities and the magnitude 
of the effects produced by them under the conditions imposed 
by the particular problem considered. Suitable methods for this 
purpose are available in connection with most of the investiga- 
tions in which an exact knowledge of the personal-error is essential. 
Such a study is frequently referred to as a determination of the 
“Personal Equation” of the observer. 

20. Mistakes. — Mistakes are errors due to reading the indi- 
cations of an instrument carelessly or to a faulty record of the 
observations. The most frequent of these are the following: 
the wrong integer is placed before an accurate fractional reading, 
e.g., 9.68 for 19.68; the reading is made in the wrong direction of 
the scale, e.g., 6.3 for 5.7; the significant figures of a number are 
transposed, e.g., 56 is written for 65. Care and strict attention 
to the work in hand are the only safeguards against such mistakes. 

When a large number of observations have been systematically 
taken and recorded, it is sometimes possible to rectify an obvious 
mistake, but unless this can be done with certainty the offending 
observation should be dropped from the series. This statement 
does not apply to an observation showing a large deviation from 
the mean but only to obvious mistakes. 

21. Accidental Errors. — When a series of independent meas- 
urements of the same magnitude have been made, by the same 
method and apparatus and with equal care, the results generally 
differ among themselves by several units in the last one or two 
significant figures. Ifin any case they are found to be identical, 
it is probable that the observations were not independent, the 
instruments adopted were not sufficiently sensitive, the maximum 
precision attainable was not utilized, or the observations were 
carelessly made. Exactly concordant measurements are quite as 
strong evidence of inaccurate observation as widely divergent 
ones. n 
As the accuracy of method and the sensitiveness of instruments 
is increased, the number of concordant figures in the result in- 
creases but differences always occur in the last attainable figures. 
Since there is, generally, no reason to suppose that any one of the 
measurements is more accurate than any other, we are led to 
believe that they are all affected by small unavoidable errors. 

After all constant errors and mistakes have been corrected, the re- 
maining differences between the individual measurements and the true 
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numeric of the measured magnitude are called accidental errors. 
They are due to the combined action of a large number of inde- 
pendent causes each of which is equally likely to produce a posi- 
tive or a negative effect. Probably most of them have their 
origin in small fortuitous variations in the sensitiveness and 
adjustment of our instruments and in the keenness of our senses 
of sight, hearing, and touch. It is also possible that the correla- 
tion of our sense perceptions and the judgments that we draw 
from them are not always rigorously the same under the same 
set of stimuli. 

Suppose that N measurements of the same quantity have been 
made by the same method and with equal care. Let a1, ao, as, 

. . Gy represent the several results of the independent meas- 
urements, after all constant errors and mistakes have been elim- 
inated, and let X represent the true numeric of the measured 
magnitude. Then the accidental errors of the individual measure- 
ments are given by the differences, 


Ai,=a—X, Az = a.— X, A3 = a3— X, « . Ay= ay—X. (2) 
The accidental errors A;, Ao, . . . Ay thus defined are sometimes 
called the true errors of the observations a1, d2, . . . ay. 


22. Residuals. — Since the individual measurements ai, de, 

. . dy differ among themselves, and since there is no reason to 
suppose that any one of them is more accurate than any other, it 
is never possible to determine the exact magnitude of the numeric 
X. Hence the magnitude of the accidental errors A;, As, . . . Ay 
~ ean never be exactly determined. But, if x is the most probable 
value that we can assign to the numeric X on the basis of our 
measurements, we can determine the differences 


Ti = 01 — 2, fe = dg—2,-.. . ty = Qn — 2. (3) 


These differences are called the residuals of the individual measure- 
ments a1, 2, ... ay. They represent the most probable values 
that we can assign to the accidental errors Ai, Az, . . . Ay on the 
basis of the given measurements. 

It should be continually borne in mind that the residuals thus 
determined are never identical with the accidental errors. How- 
ever precise our measurements may be, the probability that z is 
exactly equal to X is always less than unity. As the number 
and precision of measurements increase, the difference between 
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the magnitudes x and X decreases, and the residuals continually 
approach the accidental errors, but exact equality is never attain- 
able with a finite number of observations. 

23. Principles of Probability.— The theory of errors is an 
application of the principles of probability to the discussion of 
series of discordant measurements for the purpose of determining 
the most probable numeric that can be assigned to the measured 
quantity and making an-estimate of the precision of the result 
thus obtained. A discussion of the fundamental principles of 
the theory of probability, sufficient for this purpose, is given in 
most textbooks on advanced algebra, and the student should 
master them before undertaking the study of the theory of errors. 

For the sake of convenience in reference, the three most useful 
propositions are stated below without proof. 

Proposition 1. If an event can happen in n independent 
ways and either happen or fail in N independent ways, the prob- 
ability p that it will occur in a single trial at random is given by 
the relation 


ie 

De. (4) 

Also if p’ is the probability that it will fail in a single trial at 
random, 

gle agp . 

p Bo any (5) 


Proposition 2. If the probabilities for the separate occurrence 
of n independent events are respectively p1, po, . . . Da, the prob- 
ability Ps that some one of these events will occur in a single trial 
at random is given by the relation 


Ps =pitpetps+-++ +o. (6) 
Proposition 3. If the probabilities for the separate occurrence 
of n independent events are respectively pi, po, ... Dn, the 


probability P that all of the events will occur at the same time is 
given by the relation 


P=p1Xp2X +++ X Dn (7) 


CHAPTER IV. 
THE LAW OF ACCIDENTAL ERRORS. 


24. Fundamental Propositions. — The theory of accidental 
errors is based on the principle of the arithmetical mean and the 
three axioms of accidental errors. When the word “ error’ is used 
without qualification, in the statement of these propositions and 
in the following pages, accidental errors are to be understood. 

Principle of the Arithmetical Mean. — The most probable value 
that can be assigned to the numeric of a measured magnitude, on 
the basis of a number of equally trustworthy direct measurements, 
is the arithmetical mean of the given measurements. 

This proposition is self-evident in the case of two independent 
measurements, made by the same method with equal care, since 
one of them is as likely to be exact as the other, and hence it is 
more probable that the true numeric lies halfway between them 
than in any other location. Its extension to more than two 
measurements is the only rational assumption that we can make 
and is sanetioned by universal usage. 

First Axiom. — In any large number of measurements, positive 
and negative errors of the same magnitude are equally likely to 
occur. The number of negative errors is equal to the number 
_ of positive errors. 

Second Axiom. — Small errors are much more likely to occur 
than large ones. 

Third Axiom. — All of the errors of the measurements in a 
given series lie between equal positive and negative limits. Very 
large errors do not occur. 

The foundation of these propositions is the same as that of the 
axioms of geometry. Namely: they are general statements that 
are admitted as self-evident or accepted as a basis of argument by 
all competent persons. Their justification lies in the fact that 
the results derived from them are found to be in agreement with 
experience. 

25. Distribution of Residuals. — It was pointed out in article 
twenty-two that the true accidental errors, represented by A’s, 

29 
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cannot be determined in practice, but the residuals, represented 
by r’s, can be computed from the given observations by equation 
(3). The A’s may be considered as the limiting values toward 
which the r’s approach as the number of observations is indefinitely 
increased. If the residuals corresponding to a very large num- 
ber of observations are arranged in groups according to sign and 
magnitude, the groups containing very small positive or negative 
residuals will be found to be the largest, and, in general, the magni- 
tude of the groups will decrease nearly uniformly as the magnitude 
of the contained residuals increases either positively or negatively. 
Let n represent the number of residuals in any group, and r their 
common magnitude, then the distribution of the residuals, in 
regard to sign and magnitude, may be represented graphically 
by laying off ordinates proportional to the numbers n against 


n 


-r O Yr 
Hie. 2: 


abscisse proportional to the corresponding magnitudes r. The 
points, thus located, will be approximately uniformly distributed 
about a curve of the general form illustrated in Fig. 2. 

The number of residuals in each group will increase with the 
total number of measurements from which the r’s are computed. 
Consequently the ordinates of the curve in Fig. 2 will depend on 
the number of observations considered as well as on their accuracy. 
Hence, if we wish to compare different series of measurements with 
regard to accuracy, we must in some way eliminate the effect of 
differences in the number of observations. Moreover, we are not 
so much concerned with the total number of residuals of any given 
magnitude as with the relative number of residuals of different 
magnitudes. For, as we shall see, the acuracy of a series of 
observations depends on the ratio of the number of small errors 
to the number of large ones. 

26. Probability of Residuals. — Suppose that a very large 
number WN of independent measurements have been made and that 


Arr. 27] THE LAW OF ACCIDENTAL ERRORS bl 


the corresponding residuals have been computed by equation (3). 
By arranging the results in groups according to sign and magni- 
tude, suppose we find n; residuals of magnitude 71, n2 of magni- 
tude rz, etc., and n;’ of magnitude — ry, no’ of magnitude — ro, ete. 
If we choose one of the measurements at random, the probability 


that the corresponding residual is equal to 7; is cS since there 


are N residuals and n, of them are equal tor:. In general, if y;, Ye, 


. yi’, yx’, . . . represent the probabilities for the occurrence 
of residuals equal to 71, r2,... —71,—712, . . . respectively, 
n n Ne! : 
Vi ap? Yo = a mtu y= ar ysl = Seeger eee) 


When N is increased by increasing the number of measurements, 
each of the n’s is increased in nearly the same ratio since the 
residuals of the new measurements are distributed in essentially 
the same manner as the old ones, provided all of the measure- 
ments considered are made by the same method and with equal 
care. Consequently, the y’s corresponding to a definite method 
of observation are nearly independent of the number of measure- 
ments. As N increases they oscillate, with continually decreas- 
ing amplitude, about the limiting values that would be obtained 
with an infinite number of observations. Hence the form of a 
curve, having y’s for ordinates and corresponding r’s for abscissve, 
depends on the accuracy of the measurements considered and is 

sensibly independent of NV, provided it is a large number. 
_- 247. The Unit Error.— The relative accuracy of different 
series of measurements might be studied with the aid of the corre- 
sponding y : r curves, but since the y’s are abstract numbers, and 
the r’s are concrete, being of the same kind as the measurements, 
it is better to adopt a slightly different mode of representation. 
For this purpose, each of the r’s is divided by an arbitrary con- 
stant k, of the same kind as the measurements, and the abstract 
Vics afc: 
kk 
the following pages, k will be called the unit error. Its magnitude 
may be arbitrarily chosen in particular cases, but, when not 
definitely specified to the contrary, it will be taken equal to the 
least magnitude that can be directly observed with the instru- 
ments and methods used in making the measurements. To 


numbers » etc., are used as abscisse in place of the r’s. In 
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illustrate: suppose we are measuring a given length with a scale 
divided in millimeters. By estimation, the separate observations 
can be made to one-tenth of a millimeter. Hence, in this case 
we should take & equal to one-tenth of a millimeter. 

If the residuals are arranged in the order of increasing magni- 
tude, it is obvious that the successive differences 7; — 79, r2 — 11° 
etc., are all equal to &. Hence, if the most probable value of the 
measured quantity, « in equation (8), is taken to the same num- 
ber of significant figures as the individual measurements, all of 
the residuals are integral multiples of k and we have 


DE eet Pee gn RR alee et OE a ae Oe ane 
k P; k (p Ue 2 k Es k 0; 
Tee Tipe eee a nee 
Pa ek Oley cantare aad Dame ree 


28. The Probability Curve. — The result of a study of the 
distribution of the residuals may be arranged as illustrated in the 
following table, where n is the number of residuals of magnitude 
r; y is the probability that a single residual, chosen at random, is 
of magnitude r; N is the total number of measurements, and & is 
the unit error. 
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When N is large, these points are somewhat symmetrically dis- 
tributed about a curve of the general form illustrated by the 
dotted line. If a larger number of observations is considered, 


Plotting y against 7 we obtain 2 p discrete points as in Fig. 3. 
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some of the points will be shifted upward while others will be 
shifted downward, but the distribution will remain approxi- 
mately symmetrical with respect to the same curve. In general, 
successive equal increments to N cause shifts of continually de- 
creasing magnitude; and in the limit, when N becomes equal to 
infinity, and the residuals are equal to the accidental errors, the 
points would be on a uniform curve symmetrical to the yo ordi- 
nate. The curve thus determined represents the relation between 
the magnitude of an error and the probability of its occurrence 
in a given series of measurements. For this reason it is called 
the probability curve. 


Fie, 3. 


29. Systems of Errors. — The codrdinates of the probability 
BZ. : TS oes 
curve are y and>-, since it represents the distribution of the true 


accidental errors A,, As, etc., in regard to relative frequency and 
magnitude. Since the curve is uniform, it represents not only 
the errors of the actual observations, but also the distribution of 
all of the accidental errors that would be found if the sensitive- 
ness of our instruments were infinitely increased and an infinite 
number of observations were made, provided only that all of the 
observations were made with the same degree of precision and 
entirely independently. 

All of the errors represented by a curve of this type belong to a 
definite system, characterized by the magnitude of the maximum 
ordinate yo and the slope of the curve. Hence, every probability 
curve represents a definite system of errors. It also represents 
the accidental errors of a series of measurements of definite pre- 
cision. Hence, the accidental errors of series of measurements of 
different precision belong to different systems, and each series 
is characterized by a definite system of errors. 

The probability curves A and B in Fig. 4 represent the systems 
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of errors that characterize two series of measurements of different 
precision. As the precision of measurement is increased it is 
obvious that the number of small errors will increase relatively 
to the number of large ones. Consequently the probability of 
small errors will be greater and that of large ones will be less in 
the more precise series A than in the less precise series B. Hence, 
the curve A has a greater maximum ordinate and slopes more 
rapidly toward the horizontal axis than the curve B. 


¥y 
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30. The Probability Function. — The maximum ordinate and 
the slope of the probability curve depend on the constants that 
appear in the! equation of the curve. When we know the form 
of the equation and have a method of determining the numerical 
value of the constants, we are able to determine the relative pre- 
cision of different series of measurements. Since the curve repre- 
sents the distribution of the true accidental errors, we are also able 
to compare the distribution of these errors with that of the resid- 
uals and thus develop workable methods for finding the most 
probable numeric of the measured magnitude. 

It is obvious, from an inspection of Figs. 3 and 4, that y is a 
continuous function of A, decreasing very rapidly as the magni- 
tude of A increases either positively or negatively and symmetrical 
with respect to the y axis. Hence, the probability curve sug- 
gests an equation in the form 


y=or *, (9) 


Piet 
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where e is the base of the Napierian system of logarithms, w is a 
constant depending on the precision of the series of measurements 
considered, and the other variables have been defined above. 
This equation can be derived analytically from the three axioms 
of accidental errors, with the aid of several plausible assumptions 
regarding the constitution of such errors, or from the principle 
of the arithmetical mean. However, the strongest evidence of 
its exactness lies in the fact that it gives results in substantial 
agreement with experience. Consequently, we will adopt it as an 
empirical relation, and proceed to show that it is in conformity 
with the three axioms and leads to the arithmetical mean as the 
most probable numeric derivable from a series of equally good 
independent measurements of the same magnitude. 

Equation (9) is the mathematical expression of the law of 
accidental errors and is often referred to simply as the law of 
errors. Its right-hand member is called the probability function 
and, for the sake of convenience, is represented by ¢ (A), giving 
the relations 


y= (A); $(A) =e ~ *. (10) 


31. The Precision Constant.— The curves in Fig. 4 were 
plotted, to the same scale, from data computed by equation (9). 
The constant w was taken twice as great for the curve A as for, 
the curve B, and in both cases values of y were computed for suc- 


To 
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cessive integral values of the ratio ne The maximum ordinate of 


-each of these curves corresponds to the zero value of A and is 


equal to the value of w used in computing the y’s. The curve 
A, corresponding to the larger value of w, approaches the hori- 
zontal axis much more rapidly than the curve B. 

Obviously, the constant w determines both the maximum 
ordinate and the slope of the probability curve. But we have 
seen that these characteristics are proportional to the precision 
of the measurements that determine the system of errors repre- 
sented. Hence w characterizes the system of errors consid- 
ered and is proportional to the precision of the corresponding 
measurements. Some writers have called it the precision measure, 
but, as it depends only on the accidental errors and takes no 
account of the accuracy with which constant errors are avoided 
or corrected, it does not give a complete statement of the pre- 
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cision. Consequently the term “ precision measure’”’ will be re- 
served for a function to be discussed later, and w will be called the 
precision constant in the following pages. 

When A is taken equal to zero in equation (9), y is equal to w. 
Hence the precision of measurements, so far as it depends upon 
accidental errors, is proportional to the probability for the occur- 
rence of zero error in the corresponding system of errors. In 
this connection, it should be borne in mind that the system of 
errors includes all of the errors that would have been found 
with an infinite number of observations, and that it cannot be 
restricted to the errors of the actual measurements for the pur- 
pose of computing w directly. Indirect methods for computing 
w from given observations will be discussed later. 

32. Discussion of the Probability Function. — Inspection of 
the curves in Fig. 4, in connection with equation (9), is sufficient to 
show that the probability function is in agreement with the first 
two axioms. Since y is an even function of A, positive and nega- 
tive errors of the same magnitude are equally probable, and conse- 
quently equally numerous in an extended series of measurements. 
Hence the first axiom is fulfilled. Since A enters the function 
only in the negative exponent, the probability for the occurrence 
of an error decreases very rapidly as its magnitude increases 
either positively or negatively. , Hence small errors are much more 
likely to occur than large ones and the second axiom is fulfilled. 

Since the function ¢ (A) is continuous for values of A ranging 
from minus infinity to plus infinity, it is apparently at variance 
with the third axiom. For, if all of the errors lie between definite 
finite limits — Z and + L, ¢(A) should be continuous while A 
lies between these limits and equal to zero for all values of A 
outside of them. But we have no means of fixing the limits 
+ Land — JL, in any given case; and we note that ¢(A) becomes 
very small for moderately large values of A. Hence, whatever the 
true value of Z may be, the error involved in extending the limits 
to —o and +00 is infinitesimal. Consequently, (A) is in sub- 
stantial agreement with the third axiom provided it leads to the 
conclusion that all possible errors lie between the limits —o and 
+. This will be the case if it gives unity for the probability 
that a single error, chosen at random, lies between — 0 and + 0. 
For, if all of the errors lie between these limits, the probability 
considered is a certainty and hence is represented by unity. 


ie 
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33. The Probability Integral. — The accidental errors, corre- 
sponding to actual measurements, may be arranged in groups ac- 
cording to their magnitude in the same manner that the residuals 
were arranged in article twenty-eight. When this is done the 
errors in succeeding groups differ in magnitude by an amount 
equal to the unit error k, since k is the least difference that can 
be determined with the instruments used in making the obser- 
vations. Hence, if A, is the common magnitude of the errors 
in the pth group, 


A@+1 — Ap = Aw@4s — Ag+n= ++ - =A@tg — A@+e-n =h, 


or, expressing the same relation in different form, 


AG pA ure A 
ee ee eT 


where a is an indeterminate quantity that enters each of the 
equations because we do not know the actual magnitude of the 
A’s. 


y 
Yp 
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Let the probability curve in Fig. 5 represent the system of 
errors to which the errors of the actual measurements belong. 
Then the ordinates yp, Ym, Y@t2, - - + Y@ta) Tepresent the 
probabilities of the errors Ap, Aw@+n, . - - A@+q respectively. 
Since the errors of the actual measurements satisfy the relation 
(i), none of them correspond to points of the curve lying between 
the ordinates yp, Yw+) - + + Ye+q- Hence, in virtue of equa- 
tion (6), article twenty-three, if we choose one of the measure- 
ments at random the probability that the magnitude of its error 
lies between A, and A(p+q is 


yf = yoty + ¥@+y + FYe@to 
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Multiplying and dividing the second member by gq, 


a — Yo+) TY@t2) + + TY@+s) 
Up 7 qd 
qg 
= Ya" (ii) 
where Ypq is written for the mean of the ordinates between yp 
and y+. From equation (i) 


A@+a = Ay as A wta) ee Ap ee 
k k k i 


Hence, 
~ Ag+ — Ap 


Y= Yoo 212. (ii 
In the limit, when we consider the errors of an infinite number 
of measurements made with infinitely sensitive instruments, every 
point of the curve represents the probability of one of the errors 
of the system. Consequently, for any finite value of q, the inter- 
val between the ordinates y, and y(p»+,) is infinitesimal, and all 
of the ordinates between these limits may be considered equal. 
Hence, in the limit, 


Aw+a —Ap=dA, Yq = Ya = $(A), 
and (iii) reduces to 
dA 
yare= (A= (11) 
where y4*44 represents the probability that the magnitude of a 
single error, chosen at random, is between A and A + dA. 


By applying the usual reasoning of the integral calculus, it is 
evident that the expression 


k= 7 f (aad, (12) 


represents the probability that the magnitude of an error, chosen 
at random, lies between the limits a and b.. The integral in this 
expression also represents the area under the probability curve 
a 


between the ordinates at i and 4 Consequently the probability 


in question is represented graphically by the shaded area in Fig. 6. 
The probability that an error, chosen at random, is numerically 
less than a given error A is equal to the probability that it lies 
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between the limits —A and +A. Hence, if we designate this 
probability by Pa, 


Pea =if 6 (A) dA 
aK ed pa z 
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since ¢ (A) is an even function of A. Introducing the complete 
expression for ¢ (A) from cage (10) we obtain 


20 A? 


Py, == 


2 
rate =f, 
_ then 
2 Vege t 
Py =< f fet dt= 5 f ANd (13) 


which is an entirely general expression for the probability Pa, 
applicable to any system of errors when we know the correspond- 
ing values of the constants w and k. A series of numerical values 
of the right-hand member of (13), corresponding to successive 
values of the argument ¢, is given in Table XI, at the end of 
this volume. Obviously, this table may be used in computing 
the probability P, corresponding to any system of errors, since 
the characteristic constants w and & appear only in the limit of the 
integral. 


Whatever the values of the constants w and k, the limit v. 7a 
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becomes infinite when A is equal to infinity. Hence, in every 
system of errors, 


D co 
ie f dt =1, 13a 
N/a 0 5 ( ) 


where the numerical value is that given in Table XI, for the limit 
t equals infinity. Consequently the probability function ¢ (A) 
leads to the conclusion that all of the errors in any system lie 
between the limits —o and +o, and, therefore, it fulfills the 
condition imposed by the third axiom as explained in the last 
paragraph of article thirty-two. 

34. Comparison of Theory and Experience. — Equation (13) 
may be used to compare the distribution of the residuals actually 
found in any series of measurements with the theoretical distri- 
bution of the accidental errors. If N equally trustworthy meas- 
urements of the same magnitude have been made, all of the NV 
corresponding accidental errors belong to the same system, and 
the probability that the error of a single measurement is numer- 
ically less than A is given by P, in equation (13). Consequently, 
if N is sufficiently large, we should expect to find 


Na=NPa (iv) 


errors less than A. For, if we consider only the errors of the 
actual measurements, the probability that one of them is less 
than A is equal to the ratio of the number less than A to the total 
number. In the same manner, the number less than A’ should 
be 


Nar — NP yw. 
Hence, the number lying between the limits A and A’ should be 
N* = Na — Na. (v) 


These numbers may be computed by equation (13) with the aid 
of Table XI, when we know WN and the value of the expression 


Ta . . 
ie corresponding to the given measurements. The number, 


Nr, of residuals lying between the limits r equals A and r’ equals 
A’ may be found by inspecting the series of residuals computed 
from the given measurements by equation (3), article twenty-two. 
If N is large and the errors of the given measurements satisfy 
the theory we have developed, the numbers N4 and N’ should 
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be very nearly equal, since in an extended series of measurements 
the residuals are very nearly equal to the accidental errors. 

The following illustration, taken from Chauvenet’s ‘Manual 
of Spherical and Practical Astronomy,’ is based on 470 obser- 
vations of the right ascension of Sirius and Altair, by Bradley. 
The errors of these measurements belong to a system character- 
w 
k 
by a method to be described later (articles thirty-eight and forty- 
two), and gives the relation 

Ve _ 1 g086. 
k 
Consequently, to find the theoretical value of P,, corresponding 
to any limit A, we take ¢ equal to 1.8086 A in equation (13) and 
find the corresponding value of the integral by interpolation from 
Table XI. 

The third column of the following table gives the values of 
P, corresponding to the chosen values of A in the first column 
and the computed values of ¢ in the second column. The fourth 
column gives the corresponding values of Na computed by equa- 
tion (iv), taking N equal to 470. The sixth column, computed 
by equation (v), gives the number, NX, of errors that should 
lie between the limits A and A’ given in the fifth. The seventh 
column gives the number of residuals actually found between the 


ized by a particular value of the ratio — that has been computed, 


same limits. 


~ 


£2) oa 


gms 


0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 


Re eee OCOOCO 
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Comparison of the numbers in the last two columns shows very 
good agreement between theory, represented by N4, and expe- 
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rience, represented by N?’, when we remember that the theory 
assumes an infinite number of observations and that the series 
considered is finite. Numerous comparisons of this nature have 
been made, and substantial agreement has been found in all 
cases in which a sufficient number of independent observations 
have been considered. In general, the differences between N a 
and N*’ decrease in relative magnitude as the number of obser- 
vations is increased. 

35. The Arithmetical Mean. — In article twenty-four it was 
pointed out, as one of the fu fundamental principles of the theory 
of errors, that the arithmetical mean of a number of equally trust- 
worthy direct measurements on the same magnitude is the most 
probable value that we can assign to the numeric of the measured 
magnitude. In order to show that the probability function ¢ (A) 
leads to the same conclusion, let ai, dz, . . . any represent the 
given measurements, and let x represent the unknown numeric 
of the measured magnitude. If the actual value of this numeric 
is X, the true accidental errors of the given measurements are 


Ai.=a—X, be=a—X,... An=ay—X, (2) 


and all of them belong to the same system, characterized by a 
particular value of the precision constant w. The probability 
that one of the errors of this system, chosen at random, is equal 
to an arbitrary magnitude A, is given by the relation 


Yo= wernt = = $(A,). 


Since we cannot determine the true value X, the most probable 
value that we can assign to x is that which gives a maximum 
probability that N errors of the system are equal to the N resid- 
uals 

1 =Q—2, fre=Aeg—2, ...Ty = Gy —®. (3) 


This is equivalent to determining xz, so that the residuals are as 
nearly as possible equal to the accidental errors. 


If yi, yz, . . - yy represent the probabilities that a single error . 
of the system, chosen at random, is equal to r1, 72, . . . ry respec- 
tively, 

y=), yo=o(rr), ... yn =o (ty). 


Hence, if P is the probability that N of the errors chosen together 
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are equal to 71, 72, . . . ry respectively, we have, by equation Woy 
article twenty-three, 
Peay Xx ya XS «XN 
= went S (rt Pi SP aa 5 ay). 


5 . . . . . 2 
Since the exponent in this expression is negative and a is con- 


stant, the maximum value of P will correspond to the minimum 
value of (r2 +ro+ ... +7y?). Hence the most probable 
value of x is that which renders the sum of the squares of the 
residuals a minimum. 

In the present case, the r’s are functions of a single independent 
variable x. Consequently the sum of the squares of the 7’s will 
be a minimum when z satisfies the condition 


0 
Sa eetie poe 7 TN 0. 


Substituting the expression for the r’s in terms of x from equation 
(8) this becomes 


2 (a, —«)?+ (a2—ax)? +... + (ay —a)*{ = 0. 
oe 


Hence, (a1—2)+(a2—2) +... +(@y—2) =0, (14) 


eed gt Poy 


Consequently, if we take x equal to the arithmetical mean of the 
a’s in (3), the sum of the squares of the computed 7’s is less than 
for any other value of x. Hence the probability P that N errors 
of the system are equal to the N residuals is a maximum, and the 
arithmetical mean is the most probable value that we can assign 
to the numeric X on the basis of the given measurements. 

Equation (14) shows that the sum of the residuals, obtained 
by subtracting the arithmetical mean from each of the given 
measurements, is equal to zero. This is a characteristic property 
of the arithmetical mean and serves as a useful check on the 
computation of the residuals. 

The argument of the present article should be regarded as a 
justification of the probability function ~(A) rather than as a 
proof of the principle of the arithmetical mean. As pointed out 
above, this principle is sufficiently established on a priori grounds 
and by common consent. 


CHAPTER V. 
CHARACTERISTIC ERRORS. 


SrvERAL different derived errors have been used as a measure 
of the relative accuracy of different series of measurements. Such 
errors are called characteristic errors of the system, and they de- 
crease in magnitude as the accuracy of the measurements, on which 
they depend, increases. Those most commonly employed are the 
average error A, the mean error M, and the probable error H, any 
one of which may be used as a measure on the relative accuracy 
of a single observation. 

36. The Average Error.— The average error A of a single 
observation is the arithmetical mean of all of the individual errors 
of the system taken without regard to sign. That is, all of the 
errors are taken as positive in forming the average. Hence, if 
N is the total number of errors, 

Jie ae 2 oe ae NE 
N Vee 


where the square bracket [ | is used as a sign of summation, and 
the over the A indicates that, in taking the sum, all of the A’s 
are to be considered positive. 

In accordance with the usual practice of writers on the theory 
of errors, the square bracket [ | will be used as a sign of summa- 
tion, in the following pages, in place of the customary sign 2. 
This notation is adopted because it saves space and renders com- 
plicated expressions more explicit. 

In equation (15) all of the errors of the system are supposed 
to be included in the summation. Hence, both [A] and N are 
infinite and the equation cannot be applied to find A directly 
from the errors of a limited number of measurements. Conse- 
quently we will proceed to show how the average error can be 
derived from the probability function, and to find its relation 
to the precision constant w. A little later we shall see how A 
can be computed directly from the residuals corresponding to a 
limited number of measurements. 

44 


(15) 
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If ya is the probability that the magnitude of a single error, 
ehosen at random, lies between A and A + dA, and ng is the num- 
ber of errors between these limits, 


Na 
Ty WN’ 
and consequently 
Ng = NYa 
dA 
= N¢ (A) = (16) 


in virtue of equation (11), article thirty-three, where A represents 
the mean magnitude of the errors lying between A and A + dA. 
Hence, the sum of the errors between these limits is 


[Ala = Ang = + Ae (A) dA, 
and the sum of the errors between A = a and A = bis 
N b 
[k= 7 f Ae @aa. 


Substituting the complete expression for ¢(A) from equation (10) 
this becomes 


b Antes 
[AR = ef Ae“ F dA. 
Hence, the sum of the positive errors of the system is 


SO. ot fe 
PA ke 
ef Ae dA, 


‘and the sum of the negative errors is 
0 Lae ee 
= a8 if Ae" Fda. 


These two integrals are obviously equal in magnitude and opposite 
in sign. Consequently the sum of all of the errors of the system 
taken without regard to sign is 


nae aoe fi “Ae BGA (17) 
0 
Oates Nk Ab 
TW 0 
Nk 
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Hence from equation (15), 


ele. (18) 


and introducing the numerical value of 7, 


A = 0.3183 f. (19) 


37. The Mean Error. — The mean error M of a single meas- 
urement in a given series is the square root of the mean of the 
squares of the errors in the system determined by the given 
measurements. Expressed mathematically 


» AREA + os Ay? [AM 


i N N 


(20) 


This equation includes all of the errors that belong to the given 
system. Hence, as pointed out in article thirty-six, in regard to 
equation (15), it cannot be applied directly to a limited series of 
measurements. 


By equation (16) the number of errors with magnitudes between 
ak : No (A) dA 
the limits A and A +dA is equal to Sars TER Consequently - 


the sum of the squares of the errors between these limits is equal 
2 
is NA?*¢ (A) dA 
k 
in the last article, 


“+00 Boe eae 
ay = “2 If Are" dA (21) 


co By dew 
mee if Ae" dA, 
k Jo 


Hence, by reasoning similar to that employed 


since the integrand is an even function of A. Integrating by 
parts, 


2 Al 

[A2] mee NE ae al 
TW) 0 

soe 


The first term of the second member of this equation reduces to 
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zero when the limits are applied. Putting @ for ae in the 
second term, 
IPSS v pene Nk? 
in virtue of equation (13a). Hence, 
[AZ ie 
2 = Ol 
us N 2 1? 
and 
Vie eee 
Vv T 
k (23) 
= 0.3989 —- 
@ 


38. The Probable Error. — The probable error F of a single 
measurement is a magnitude such that a single error, chosen at 
random from the given system, is as likely to be numerically 
greater than # as less than #. In other words, the probability 
that the error of a single measurement is greater than FE is equal 
to the probability that it is less than #. Hence, in any extended 
series of measurements, one-half of the errors are less than # and 
one-half of them are greater than £. 

The name “ probable error,’”’ though sanctioned by universal 
usage, is unfortunate; and the student cannot be too strongly 
cautioned against a common misinterpretation of its meaning. 
The probable error 1s Not the most probable magnitude of the 
error of a single measurement and it pors Nor determine the 
limits within which the true numeric of the measured magnitude 
may be expected to lie. Thus, if x represents the measured 
numeric of a given magnitude Q and £ is the probable error of 2, 
it is customary to express the result of the measurement in the 


form 
Q=a2ctE. 


This does not signify that the true numeric of Q lies between the 
limits  — EH and x + E, neither does it imply that x is probably 
in error by the amount H#. It means that the numeric of Q is as 
likely to lie between the above limits as outside of them. If a 
new measurement is made by the same method and with equal 
care, the probability that it will differ from x by less than E is 
equal to the probability that it will differ by more than E. 
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In article thirty-three it was pointed out that the probability 
that an error, chosen at random from a given system, lies between 
the limits A = a and A = 6 is represented by the area under the 
probability curve between the ordinates corresponding to the 
limiting values of A. Hence, the probability that the error of a 
single measurement is numerically less than H may be represented 
by the area under the probability curve between the ordinates y_z 
and y+z, in Fig. 7, and the probability that it is greater than H by 
the sum of the areas outside of these ordinates. Since these two 


y 
Yn Yn 
oe O i bs 
k k k 
Gems 


probabilities are equal, by definition, the ordinates correspond- 
ing to the probable error bisect the areas under the two branches 
of the probability curve. 

Since the probability that the error of a single measurement, is 
less than # is equal to the probability that it is greater than H 
and the probability that it is less than infinity is unity, the 
probability that it is.less than EH is one-half. Consequently, 
putting A equal to # in equation (13), article thirty-three, 


2 (YE 1 
Pz= = i dee (24) 
E Ve 3 € 9 


From Table XI, 


P, = 0.49375 for the limit ¢ = 0.47, 
P, = 0.50275 for the limit ¢ = 0.48, 


and by interpolation, 
Py = 0.50000 for the limit ¢ = 0.47694. 


Hence, equation (24) is satisfied when 


Vw = 0.47694, 
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and we have 
0.47694 
Vireo 
k (25) 
= 0.2691 —- 
(6) 


ii 


39. Relations between the Characteristic Errors. — Elimina- 
oe : 
ting — from equations (18), (23), and (25), taken two at a time, we 


obtain the relations 


M= =\/24 = 1.253. AS 


E = 0.4769- Vr +A = 0.8453-+ A, 
E = 0.4769. V2-M = 0.6745. M, 


(26) 


which express the relative magnitudes of the average, mean, and 
probable errors. These relations are universally adopted in com- 


YI 


=|> 


Fia. 8. 


puting the precision of given series of measurements, and they 
should be firmly fixed in mind. 

The three equations from which the relations (26) are derived 
may be put in the form 


0.3183 
oe Sy) 


l| 


w 


A 

Ie 

M _ 0.3989 
aM ) 
E 

k 


(27) 


w 
0.2691. 


w 


The probability curve in Fig. 8 represents the distribution of 
the errors in a system characterized by a particular value of o, 
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determined by a given series of measurements. The ordinates 
d to the absci AM Je com- 
Ya, Ym, and yz correspond to the abscisse 7» 7» and7., 


puted by the above equations. Consequently, y4 represents the 
probability that the error of a single measurement is equal to 
--A, yy the probability that it is equal to +M, and yg the prob- 
ability that it is equal to +#. In like manner y_y4, y—y, and 
y-mz represent the respective probabilities for the occurrence of 
errors equal to —A, —M, and —H#. 

A curve of this type can be constructed to correspond to any 
given series of measurements, and in all cases the relative loca- 
tion of the ordinates y4, yy, and yg will be the same. It was 
pointed out in the last article that the ordinates yg and y_z bisect 
the areas under the two branches of the curve. Consequently, 
in an extended series of measurements, somewhat more than one- 
half of the errors will be less than either the average or the mean 
error. Moreover, it is obvious from Fig. 8 that an error equal to 
Eissomewhat more likely to occur than one equal to either A or M. 

Since each of the characteristic errors A, M, and EF, bears a 
constant relation to the precision constant w, any one of them 
might be used as a measure of the precision of a single measure- 
ment in a given series, so far as this depends on accidental errors. 
The probable error is more commonly employed for this purpose 
on account of its median position in the system of errors deter- 
mined by the given measurements. 

It is interesting to observe that the ordinate yj, corresponds to 
a point of inflection in the probability curve. By the ordinary 
method of the calculus we know that this curve has a point of 
inflection corresponding to, the abscissa that satisfies the relation 

Oy 
5A2 


Substituting the complete expression for y 


= 0. 


Hence, 
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is the abscissa of the point of inflection. Comparing this with 
equation (23) we see that 
A M 
SE Ee Se ) 
and consequently that the ordinates yy and y_y meet the prob- 
ability curve at points of inflection. 
40. Characteristic Errors of the Arithmetical Mean. — Equa- 
tion (23) may be put in the form 


w 1 


"a Dap? 
where M is the mean error of a single measurement in a series 
corresponding to the unit error k and the precision constant w. 
Consequently the probability function, 


eee ay 

corresponding to the same series may be put in the form 
A 

ite oeee oe: (i) 
If Ay, As, . . . Ay are the accidental errors of N direct measure- 
ments in the same series, the probability P that they all occur in 
a system characterized by the mean error M is equal to the product 
of the probabilities for the occurrence of the individual errors in 


that system. Hence, 
1 


(AR Ags oa Ay?) e 
P= wre AIR ae (ii) 


If the individual measurements are represented by ai, ds, 
. Gy, and the true numeric of the measured quantity is X, 


A,=a,—X; Ag = a2 — X; ... Ay = ay —X, 
~ and, if z is the arithmetical mean of the measurements, the corre- 
sponding residuals are 


Mm = Aa—7 2; 1 = 09 = Ly 3 ss Hes) ==) Olin == es 
Consequently, if the error of the arithmetical mean is 6, 
xX —x=6, 
and 
Ai =71—5§; As = re — 0; 5 Ay = Try — 6. 


Squaring and adding, 
[A7] = [r?] — 26 [r] + No, 
= [rr] + Ne, (28) 
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since [r] is equal to zero in virtue of equation (14), article thirty- 
five. When this value of [A2] is substituted in (ii), the resulting 
value of P is the probability that the arithmetical mean is in 
error by an amount 6. For, as we have seen in article thirty-five, 
the minimum value of [r?] occurs when z is taken equal to the 
arithmetical mean. Consequently, P is a maximum when 6 is 
equal to zero and decreases in accordance with the probability 
function as 6 increases either positively or negatively. 

We do not know the exact value of either X or 6; but, if y. is 
the probability that the error of the arithmetical mean is equal 
to an arbitrary magnitude 6, the foregoing reasoning leads to the 
relation 


[r2] + No? 
Yo= wre 2M. 
clea led Sa a 
= we 2M%*,g 2M. (iii) 


But the arithmetical mean is equivalent to a single measurement 
in a series of much greater precision than that of the given meas- 
urements. Hence, if w, is the precision constant correspond- 
ing to this hypothetical series and M, is the mean error of the 
arithmetical mean, we have by analogy with (i) 
82 
Ya = wae 2 Ma? (iv) 


Equations (iii) and (iv) are two expressions for the same prob- 
ability and should give equal values to y, whatever the assumed 
value of 6. This is possible only when 


and 
Dee 
2M2 2M? 
Hence, 
M 
M, = —: 
VN 


Consequently, the mean error of the arithmetical mean is equal 
to the mean error of a single measurement divided by the square 
root of the number of measurements. 

Since the average, mean, and probable errors of a single meas- 
urement are connected by the relations (26), the corresponding . 
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errors of the arithmetical mean, distinguished by the subscript 
a, are given by the relations 


A M E 
Vo te Sy a 
41. Practical Computation of Characteristic: Errors. — As 
pointed out in article thirty-seven, the square of the mean error 
M is the limiting value of the ratio = when both members 
become infinite, i.e., when all of the errors of the given system 
are considered. But the errors of the actual measurements fall 
into groups, as explained in article thirty-three, and the errors in 
succeeding groups differ in magnitude by a constant amount k, 
depending on the nature of the instruments used in making the 
observations. Consequently, the ordinates, of the probability 
curve, corresponding to these errors are uniformly distributed 
along the horizontal axis. Hence, if we include in [A?] only the 
errors of the actual measurements, the limiting value of the ratio 
[A] 
N 
all of the errors of the system were included. Since the ratio 
approaches its limit very rapidly as N increases, the value of M 
ean be determined, with sufficient precision for most practical 
purposes, from a somewhat limited series of measurements. 

If we knew the true accidental errors, the mean error could be 
computed at once from the relation 


Aa (29) 


when N is indefinitely increased will be nearly the same as if 


Ve 9 (v) 


and, since the residuals are nearly equal to the accidental errors 
when WN is very large, an approximate value can be obtained by 
using the r’s in place of the A’s. A better approximation can be 
obtained if we take account of the difference between the A’s 
and the r’s. From equation (28) 

[A?] = [r?] + Ne’, (vi) 
where 6 is the unknown error of the arithmetical mean. Probably 
the best approximation we can make to the true value of 6 is to 
set it equal to the mean error of the arithmetical mean. Hence, 
from the second of equations (29) 

Ne = NM? = M?, 
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and from (v) 


[A?] = NM?. 
Consequently, (vi) becomes 
NM? = [r] + M2, 


w= el. 


Thus the square of the mean error of a single measurement is 
equal to the sum of the squares of the residuals divided by the 
number of measurements less one. 

Combining (30) with the third of equations (26), article thirty- 
nine, we obtain the expression 


and we have 


(30) 


(31) 


for the probable error of a single measurement. Hence, by equa- 
tions (29), the mean error M, and the probable error EH, of the 
arithmetical mean are given by the relations 


M, 3) eee and EH, = 0.6745 Ve N(N—1)' 2), 


When the number of measurements is large, the computation 
of the probable errors H and EH, by the above formuls is some- 
what tedious, owing to the necessity of finding the’ square of 
each of the residuals.. In such cases a sufficiently close approx- 
imation for practical purposes can be derived from the average 
error A with the aid of equations (26). The first of these equa- 
tions may be written in the form 

[A7] _ [AP 


S Oo N2- 


If we assume that the distribution of the residuals is the same as 
that of the true accidental errors, a condition that is accurately 
fulfilled when N is very large, we can put 

heal 26 gla 


NAS ZN? 
Consequently, 
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When the mean error M is expressed in terms of the A’s, equation 
(80) becomes 


[2] __ fr’ 
N-1’ 

or 

[A] NW _ [ar 

Seer ap 
Consequently F 

[AP oe 

NAN CN = 1) 
and, since this ratio is equal to A?, we have 

[7] [7] 
—————— d A, =——=—.: 
YNIN= 1) << NVN—1 (33) 


Combining this result with the second of equations (26) and the 
third of (29), we obtain 


[7] [7] 
E = 0.8453 ——=——: _#, = 0.8453 : 
ae \/ NECN = 1)” ve NVN —1 ee 


The above formulz for computing the characteristic errors from 
the residuals have been derived on the assumption that the true 
accidental errors and the residuals follow the same law of dis- 
tribution. This is strictly true only when the number of measure- 
ments considered is very large. Yet, for lack of a better method, 
it is customary to apply the foregoing formule to the discussion 
_ of the errors of limited series of measurements and the results 
thus obtained are sufficiently accurate for most practical purposes. 
When the highest attainable precision is sought, the number of 
observations must be increased to such an extent that the theo- 
retical conditions are fulfilled. . 

The choice between the formule involving the average error 
A and those depending on the mean error M is determined largely 
by the number of measurements available and the amount of 
time that it is worth while to devote to the computations. When 
the number of measurements is very large, both sets of formule 
lead to the same values for the probable errors H and &,, and 
much time is saved by employing those depending on A. For 
limited series of observations a better approximation to the true 
values of these errors is obtained by employing the formule in- 
volving the mean error. In either case the computation may be 
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facilitated by the use of Tables XIV and XV at the end of this 
volume. These tables give the values of the functions 


0.6745 0.6745 0.8453 and —02:8458 
V/N=1 « WNON=d) oO VNC: NVN—1 


corresponding to all integral values of N between two and one 
hundred. 

42. Numerical Example. — The following example, represent- 
ing a series of observations taken for the purpose of calibrating 
the screw of a micrometer microscope, will serve to illustrate the 
practical application of the foregoing methods. ‘Twenty inde- 
pendent measurements of the normal distance between two 
parallel lines, expressed in terms of the divisions of the micrometer 
head, are given in the first and fourth columns of the following 
table under a. 


0.2809 
0.0049 
0.0169 
0.0289 
0.2209 
0.0049 
0.0729 
0.0169 
0.0169 — 
0.0529 


Since the observations are independent and equally trust- 
worthy, the most probable value that we can assign to the numeric 
of the measured magnitude is the arithmetical mean x; and we 
find that x is equal to 194.17 micrometer divisions. Subtracting 
194.17 from each of the given observations we obtain the residuals 
in the columns under 7. The algebraic sum of these residuals is 
equal to zero as it should be, owing to the properties of the arith- 
metical mean. The sum without regard to sign, [7], is equal to 
5.20. Squaring each of the residuals gives the numbers in the 
columns under 7? and adding these figures gives 1.8920 for the 
sum of the squares of the residual [r?]. 

Taking N equal to twenty, in formule (33) and (84), we find 
the average and probable errors 
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where the numerical results are written with the indefinite sign + 
since the corresponding errors are as likely to be positive as nega- 
tive. 

When formule (30), (31), and (32) are employed we obtain the 
mean or 


M= 


Wap 7t08ll;s Ma ay ee 7 = + 0.0696, 


and the probable errors 


==+ 0.210; 

1 

E = 0.6745 \/ = 0.047 
y : N (N —1) eas 


The values of the probable errors H and H,, computed by the 
two methods, agree as closely as could be expected with so small 
a number of observations. Probably the values + 0.210 and 
+ 0.047, computed from the mean errors M and M,, are the more 
accurate, but those derived from the average errors A and A, are 
sufficiently exact for most practical purposes. An inspection of 
the column of residuals is sufficient to show that eleven of them 
are numerically greater, and nine are numerically less than either 
of the computed values of H. Consequently, both of these values 
fulfill the fundamental definition of the probable error of a single 
measurement as nearly as we ought to expect when only twenty 
observations are considered. 

If we use D to represent the measured distance between the 
parallel lines, in terms of micrometer divisions, we may write 
the final result of the measurements in the form 


D = 194.170 + 0.047 mice. div. 


This does not mean that the true value of D lies between the 
specified limits, but that it is equally likely to lie between these 
limits or outside of them. Thus, if another and independent 
series of twenty measurements of the same distance were made 
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with the same instrument, and with equal care, the chance that 
the final result would lie between 194.123 and 194.217 is equal to 
the chance that it would lie outside of these limits. 

Equation (25), article thirty-eight, may be written in the form 


Taking FH equal to 0.210, we find that 
ee = 2.271 


for the particular system of errors determined by the above meas- 
urements. Consequently, the probability for the occurrence of an 
error less than A in this system is, by equation (138), article thirty- 


three, 
ee Ze martes seh dt 
ANE Ve if ) 
and, since there are twenty measurements, we should expect to 
find 20 P, errors numerically less than any assigned value of A. 

The values of Pa, corresponding to various assigned values of 
A, can be easily computed with the aid of Table XI and applied, 
as explained in article thirty-four, to compare the theoretical 
distribution of the accidental errors with that of the residuals 
given under r in the above table. Such a comparison would have 
very little significance in the present case, however it resulted, 
since the number of observations considered is far too small to 
fulfill the theoretical requirements. But it would show that, 
even in such extreme cases, the deviations from the law of errors 
are not greater than might be expected. The actual comparison 
is left as an exercise for the student. 

43. Rules for the Use of Significant Figures. — The funda- 
mental principles underlying the use of significant figures were 
explained in article fifteen. General rules for their practical ap- 
plication may be stated in terms of the probable error as follows: 

All measured quantities should be so expressed that the last 
recorded significant figure occupies the place corresponding to the 
second significant figure in the probable error of the quantity 
considered. 

The number of significant figures carried through the compu- 
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tations should be sufficient to give the final result within one unit 
in the last place retained and no more. 

For practical purposes probable errors should be computed to 
two significant figures. 

The example given in the preceding article will serve to illus- 
trate the application of these rules. The second significant figure 
in the probable error of the arithmetical mean occupies the third 
decimal place. Consequently, the final result is carried to three 
decimal places, notwithstanding the fact that the last place is 
occupied by a zero. It would obviously be useless to carry out 
the result farther than this, since the probable error shows that 
the digit in the second decimal place is equally likely to be in 
error by more or less than five units. If less significant figures 
were used, the fifth figure in computed results might be vitiated 
by more than one unit. 

In order to apply the rules to the individual Eeerenedes it 
is necessary to make a preliminary series of observations, under 
as nearly as possible the same conditions that will prevail during 
the final measurements, and compute the probable error of a 
single observation from the data thus obtained. Then, if possible, 
all final measurements should be recorded to the second significant 
figure in this probable error and no farther. It sometimes happens, 
as in the above example, that the graduation of the measuring 
instruments used is not sufficiently fine to permit the attainment 
of the number of significant figures required by the rule. In such 
cases the observations are recorded to the last attainable figure, 
or, if possible, the instruments are so modified that they give 
the required number of figures. Thus, in the example cited, the 
second significant figure in the probable error of a single measure- 
ment is in the second decimal place, but the micrometer can 
be read only to one-tenth of a division. Hence the individual 
measurements are recorded to the first instead of the second 
decimal place. In this case the accuracy attained in making the 
settings of the instrument was greater than that attained in 
making the readings, and an observer, with sufficient experience, 
would be justified in estimating the fractional parts to the nearest 
hundredth of a division. A better plan would be to provide the 
micrometer head with a vernier reading to tenths or hundredths of 
a division. In the opposite case, when the accuracy of setting is 
less than the attainable accuracy of reading, it is useless to record 
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the readings beyond-the second significant figure in the probable 
error of a single observation. 

For the purpose of computing the residuals, the arithmetical 
mean should be rounded to such an extent that the majority of 
the residuals will come out with two significant figures. This 
greatly reduces the labor of the computations and gives the calcu- 
lated characteristic errors within one unit in the second significant 
figure. 


CHAPTER VI. 
MEASUREMENTS OF UNEQUAL PRECISION. 


44. Weights of Measurements. — In the preceding chapter 
we have been dealing with measurements of equal precision, and 
the results obtained have been derived on the supposition that 
there was no reason to assume that any one of the observations 
was better than any other. Under these conditions we have 
seen that the most probable value that we can assign to the 
numeric of the measured magnitude is the arithmetical mean of 
the individual observations. Also, if M and # are the mean and 
probable errors of a single observation, M, and H, the mean and 
probable errors of the arithmetical mean, and N the number of 
observations, we have the relations 


K = 0.6745 M; HE, = 0.6745 M.,, 


Eg ee Et reer 
/N /N (35) 
M2 EF 

a Mer Be 


The true numeric X of the measured magnitude cannot be 
-exactly determined from the given observations, but the final 
result of the measurements may be expressed in the form 


X=c+th, 


which signifies that X is as likely to lie between the specified 
limits as outside of them. 

Now suppose that the results of m independent series of meas- 
urements of the same magnitude, made by the same or different 
methods, are given in the form 


X=%+ Fi, 
X=2+ fp, 
X = %m + En. 


61 
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What is the most probable value that can be assigned to X on 
the basis of these results? Obviously, the arithmetical mean of the 
z’s will not do in this case, unless the H’s are all equal, since the 
x’s violate the condition on which the principle of the arithmetical 
mean is founded. If we knew the individual observations from 
which each of the x’s were derived, and if the probable error of 
a single observation was the same in each of the series, the most 
probable value of X would be given by the arithmetical mean of 
all of the individual observations. Generally we do not have the 
original observations, and, when we do, it frequently happens that 
the probable error of a single observation is different in the differ- 
ent series. Consequently the direct method is seldom applicable. 

The H’s may differ on account of differences in the number of 
observations in the several series, or from the fact that the prob- 
able error of a single observation is not the same in all of them, or 
from both of these causes. Whatever the cause of the difference, 
it is generally necessary to reduce the given results to a series of 
equivalent observations having the same probable error before 
taking the mean. For it is obvious that a result showing a small 
probable error should count for more, or have greater weight, 
in determining the value of X than one that corresponds to a 
large probable error, since the former result has cost more in time 
and labor than the latter. 

The reduction to equivalent observations having the same 
probable error is accomplished as follows: m numerical quanti- 


ties W1, We, . .. Wm, called the weights of the quantities x1, 22, 
. Lm, are determined by the relations 
1p? EZ E?2 
ia? me VTi wees Ue ee (36) 


where #, is an arbitrary quantity, generally so chosen that all 
of the w’s are integers, or may be placed equal to the nearest 
integer without involving an error of more than one or two units 
in the second significant figure of any of the Z’s. In the following 
pages EH, will be called the probable error of a standard observa- 
tion. Obviously, the weight of a standard observation is unity 
on the arbitrary scale adopted in determining. the w’s; for, by 
equations (36), 


2 
W, = ia == Ib 
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Such an observation is not assumed to have occurred in any of 
the series on which the z’s depend, but is arbitrarily chosen as a 
basis for the computation of the weights of the given results. 

By comparing equations (35) and (36), we see that Hy is equal 
to the probable error of the arithmetical mean of w, standard 
observations. But it is also the probable error of the given 
result 2. Consequently x; is equivalent to the arithmetical 
mean of w, standard observations. Similar reasoning can be 
applied to the other H’s and in general we have 


x1 = mean of w, standard observations, 
X22 = mean of we standard observations, (i) 
i 
Lm = Mean of Wm standard observations. 


The weights wi, We, . . . Wm are numbers that express the rela- 
tive importance of the given measurements for the determination 
of the most probable value of the numeric of the measured mag- 
nitude. Each weight represents the number of hypothetical 
standard observations that must be combined to give an arith- 
metical mean with a probable error equal to that of the given 
measurement. 

45. The General Mean. — From equations (i) it is obvious 


that ; 
Ww 12, = the sum of w; standard observations, 


Wt, = the sum of we standard observations, 


Wntm = the sum of w» standard observations, 


and, consequently, 


Wy, + Wet, + +2 + Wrm 


is equal to the sum of wi + w2 + .. . + Wm standard observa- 
tions. Since the probable error H; is common to all of the 
standard observations, they are equally trustworthy and their 
arithmetical mean is the most probable value that we can assign 
to the numeric X on the basis of the given data. Representing 
this value of 2) we have 


Wit + Wot, + tt Wm 37 
70 F we os FW we 


The products wi%1, etc., are called weighted observations or meas- 
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urements, and 2» is called the general or weighted mean. The 
weight wo of x is obviously given by the relation 


Wo = Wi + We + s+ + Wm, (38) 


since 2 is the mean of wo standard observations. 

Equation (37) for the general mean can be established inde- 
pendently from the law of accidental errors in the following manner: 
Let w1, wo, . . . &m represent the precision constants correspond- 
ing to the probable errors Hi, H2,---: Hn, and let w, be an 
arbitrary quantity connected with the arbitrary quantity EH; by 
the relation 


E, = 0.2691 ES : 
Then, by equations (25) and (36), 
w” 97 Wyn” 
ee ee Cree Bea ey (39) 


If zo is the most probable value of the numeric X, the residuals 
corresponding to the given x’s are 


(ti oe dhs Wey de eins GS 6 Ui == hi = a 


The probability that the true accidental error of xz; is equal to 11 
is 


TH 
Yi = we ae 
ws? 
= Shs Te ere 
= W1é ) 
. . 
in virtue of equations (39). Similarly, if yi, ye, . ~~ Ym are the 
probabilities that 71, 72, . . . 7m are the true accidental errors of 
U1, V2, . « « Um, 
Ws 4 
y ae Pan os ols 
2 2 ) 


ws? 
SORE WmTm? 


Ym = Wme 


Hence, if P is the probability that all of the r’s are Sone ete 


equal to true accidental errors, we have 


Ws? 
<n — (wir? ware + + + + Wm?) 
Rade 7 (RY AP edo eae) ee ; 


and the most probable value of X is that which renders P a 
maximum. Obviously, the maximum value of P occurs when 


ar 4 
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. : ae 
(wr? + were? +... + Wnl'n”) 1S 4mininum. Consequently the 
most probable value ap is given by the relation 


0 
dx (wir? + Were? + ++: => Wnt) ay 0. 


Substituting the values of the r’s and differentiating this becomes 
Wi (%1 — 20) + We (x2 2 apy nie) ae Wri ine tea) = 0. 
Hence, 


a) WX + Wore +- eee Sell ale 


_ 
EE Neg 2 waa 


as given above. 

If we multiply or divide the numerator and denominator of 
equation (37) by any integral or fractional constant, the value 
of x is unaltered. Hence, from (86), it is obvious that we are at 
liberty to choose any convenient value for H,, whether or not it 
gives integral values to the w’s. Equations (36) also show that 
the weights of measurements are inversely proportional to the 
squares of their probable errors and consequently we may take 


E2 Ee E2 
Ws = Wi Fes oe Wm = Wi 3" (40) 


gy 


Hence, if we choose, we can assign any arbitrary weight to one of 
the given measurements and compute the weights of the others 
by equation (40). 

The foregoing methods for computing the weights w1, we, etc., 
are applicable only when the given measurements 1, X2, etc., are 
entirely free from constant errors and mistakes. When this 
condition is not fulfilled the method breaks down because the 
errors of the z’s do not follow the law of accidental errors. In 
such cases it is sometimes possible to assign weights to the given 
measurements by combining the given probable errors with an 
estimate of the probable value of the constant errors, based on a 
thorough study of the methods by which the a’s were obtained. 
Such a procedure is always more or less arbitrary, and requires 
great care and experience, but when properly applied it leads to a 
closer approximation to the true numeric of the measured magni- 
tude than would be obtained by taking the simple arithmetical 
mean of the z’s. Since it involves a knowledge of the laws of 
propagation of errors and of the methods for estimating the pre- 
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cision attained in removing constant errors and mistakes, it can- 
not be fully developed until we take up the study of the under- 
lying principles. 

46. Probable Error of the General Mean. — When the given 
x’s are free from constant errors and the #’s are known, the weights 
of the individual measurements are given by (36), and the weight 
Wo of the general mean is given by (38). Consequently, if Ko is 
the probable error of the general mean, we have by analogy with 
equations (36) 

E; 


41 
Tag (41) 


2 
W=—> and Lo= 


If we choose, Hy may be expressed in terms of any one of the E’s 
in place of H,. Thus, let H, and wy, be the probable error and 
the weight of any one of the z’s, then by (36) 


iE 


E,=—=) 
V Wn 


and eliminating H, between this equation and (41) we have 
Wn 
Ey = En ve . (42) 


When the weights are assigned by the method outlined in the 
last paragraph of the preceding article, or when, for any reason, 
the w’s are given but not the H’s, (41) and (42) cannot be applied 
until #; or H, has been derived from the given z’s and w’s. If 
the number of given measurements is large, the value of EH, corre- 
sponding to the given weights can be computed with sufficient 
precision by the application of the law of errors as outlined below. 
If the number of given measurements is small, or if constant 
errors and mistakes have not been considered in assigning the 
weights, the following method gives only a rough approximation 
to the true value of H,, and consequently of Ho, since the condi- 
tions underlying the law of errors are not strictly fulfilled. It will. 
be readily seen that while #, may be arbitrarily assigned for the 
purpose of computing the weights, when the H’s are given, its 
value is fixed when the weights are given. 

Let 21, 22, ... 2m represent the given measurements and 
Wi, W2, .. + Wm, the corresponding weights. Then, if w, repre- 
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sents the precision constant of a standard observation, and w; 
that of an observation of weight wi, we have by (39) 
W3= aie ; 


t} 
Ws” 


wy = W 157. 


Consequently, if ya is the probability that the error of 2 is equal 
to A, 


A2 
— Tw; i 


Ya = Wie 


—— wh? 
V/ — 10g rine 
= V W1Ws€ key 


and, by equation (11), article thirty-three, the probability that 
the error of x, lies between the limits A and A + dA is 


Now, w;A? is the weighted square of the error A, and in the follow- 
ing pages the product VwA will be called a weighted error. Hence, 
if we put 6 =Vw,A, and di = Vw,dA, we have for the probability 
that the weighted error of 2; lies between the limits 6 and 6 + dé 


62 
ae = ae a dd. 


f k 


Since the same result would have been obtained if we had started 
with any other one of the x’s and w’s, it is obvious that this equa- 
_tion expresses the probability that any one of the z’s, chosen at 
random, is affected by a weighted error lying between the limits 
dandé6+ dé. But, if na is the number of «’s affected by weighted 
errors lying between these limits, and m is the total number of 
x’s, we have also 


dds _ Na ; 
6 m 
or 
6+d65 
Na = MY; . 


Hence, the sum of the squares of the weighted errors lying between 
6 and 6 + dé is given by the relation 


Ws 


52 
[ore = Na = m & ; e778 db, 
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and, by the method adopted in articles thirty-six and thirty-seven, 


we have 
|o7(aee ef sepa TE i 
See 6° k 6 
m k Jo i 
# k2 
2 Ti, 


where [62] is supposed to include all possible weighted errors 
between the limits plus and minus infinity. Introducing the 
values of the 6’s in terms of the w’s and A’s this becomes 


ee wiA + whe + . 2. +WmAn? — [wA?| 


=3 ? 


2 Tw,” m m 


which is an exact equation only when the number of measure- 
ments considered is practically infinite. 
If M, is the mean error of a standard observation, we have from 


equation (23) 
M, = ae Ca 


2 105” 


Hence, from equation (26) 
2 
E, = 0.6745 (ee 
m 


Now, we do not know the true value of the A’s and the number of 
given measurements is seldom sufficiently large to fulfill the con- 
ditions underlying this equation. But we can compute the gen- 
eral mean 2% and the residuals 
fg= i Loy 1s = an gs i 
and, by a method exactly analogous to that of article forty-one, 
it can be shown that the best approximation that we can make is 
given by the relation 
[wA?] [wr?] 


m m—1 


Hence, as a practicable formula for computing Z,, we have 
[wr?] 
m— 1 


HE, = 0.6745 \/ ) (43) 


and consequently HE) is given by the relation 


Fey \/ Sl el 
ox 0 = 0.6745 mais: (44) 
in virtue of equation (41). ; 
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When the probable errors of the given measurements are 
known, and the weights are computed by equation (36), the value 
of H, computed by equation (43) will agree with the value arbi- 
trarily assigned, for the purpose of determining the w’s, provided 
the x’s are sufficiently numerous and free from constant errors 
and mistakes. The number of measurements considered is 
seldom sufficient to give exact agreement, but a large difference 
between the assigned and computed values of E, is strong evidence 
that constant errors have not been removed with sufficient pre- 
cision. On the other hand, satisfactory agreement may occur 
when all of the x’s are affected by the same constant error. Con- 
sequently such agreement is not a criterion for the absence of 
constant errors, but only for their equality in the different meas- 
urements. 

47- Numerical Example. — As an illustration of the applica- 
tion of the foregoing principles, consider the micrometer measure- 
ments given under z in the following table. They represent the 
results of six series of measurements similar to that discussed in 
article forty-two, the last one being taken directly from that 
article. The probable errors, computed as in article forty-two, | 
are given under #. They differ partly on account of differences 
in the number of observations in the several series, and partly 
from the fact that the individual observations were not of the 
same precision in all of the series. The squares of the probable 
errors multiplied by 10! are given under H? X 104 to the nearest 
digit in the last place retained. It would be useless to carry them 
out further as the weights are to be computed to only two signifi- 
cant figures. 


Taking E, equal to 0.22 gives H,? X 10* equal to 484, and by 
applying equation (36), we obtain the weights given under w to 
the nearest integer. Inverting the process and computing the 
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E’s from the assigned w’s and H, gives the numbers in the last 
column of the table. Since these numbers agree with the given 
E’s within less than two units in the second significant figure, we 
may assume that the approximation adopted in computing the 
w’s is justified. If the agreement was less exact and any of the 
differences exceeded two units in the second significant figure, it 
would be necessary to compute the w’s further, or, better, to adopt 
a different value for H,, such that the agreement would be suffi- 
cient with integral values of the w’s. 

For the purpose of computation, equation (37) may be written 
in the form 


Wi (41 — C) + we (te —C) + +--+ +n Gn — C) 


PANS 04 10g, Oe I 


where C’ is any convenient number. In the present case 193 is 
chosen, and the products w (« — 193) are given in the first column 
of the following table. 


w (z — 198) r2 < 104 


Substitution in the above equation for the general mean gives 


Xo = 193 +2 = 194.095, 


and this is the most probable value that we can assign to the 
numeric of the measured magnitude on the basis of the given 
measurements. 

By equation (38) the weight, wo, of the general mean is 51. 
Hence equation (41) gives 


for the probable error of 2. Selecting the first measurement 
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since its weight corresponds exactly to its probable error, equa- 
tion (42) gives 


Ey = 0.066 We =+ 0.031. 
Bl 


If the second, third, or fifth measurement had been chosen, the 
results derived by the two formule would not have been exactly 
alike; but the differences would amount to only a few units in the 
second significant figure, and consequently would be of no prac- 
tical importance. However, it is better to proceed as above and 
select a measurement whose weight corresponds exactly with its 
probable error as shown by the fifth column of the first table 
above. 

The residuals, computed by subtracting x) from each of the 
given measurements, are given under r in the second table; and 
their squares multiplied by 10* are given, to the nearest digit in 
the last place retained, under r? X 10%. The last column of the 
table gives the weighted squares of the residuals multiplied by 
10%. The sum, [wr?], is equal to 0.784. Hence by equation (48) 


E, = 0.6745 oe = = 0.27, 


and by equation (44) 
Hage 0.6745 y/ 0-784 == 0.087 
0 BIS + 0.037 


_.These results agree with the assumed value of H, and the pre- 
viously computed value of Hy as well as could be expected when 
so small a number of measurements are considered. Conse- 
quently we are justified in assuming that the given measurements 
are either free from constant errors or all affected by the same 
constant error. 

In practice the second method of computing E> is seldom used 
when the probable errors of the given measurements are known, 
since its value as an indication of the absence of constant errors 
is not sufficient to warrant the labor involved. When the prob- 
able errors of the given measurements are not known it is the 
only available method for computing > and it is carried out here 
for the sake of illustration. 


CHAPTER VII. 
THE METHOD OF LEAST SQUARES. 


48. Fundamental Principles. — Let Xi, Xo,... X,, and Yi, 
Yo, ... Yn represent the true numerics of a number of quan- 
tities expressed in terms of a chosen system of units. Suppose 
that the quantities represented by the. Y’s have been directly 
measured and that we wish to determine the remaining quantities 
indirectly with the aid of the given relations 


Y, coe FP, (Xi, Xe, Cu die £0 Xa) 
Voi UXGA oe Weaecy Aig )s (45) 
¥5, = |i, (Xi, Xe, Ge rb IG) 

The functions F,, F2, . . . FP, may be alike or different in form 


and any one of them may or may not contain all of the X’s, but 
the exact form of each of them is supposed to be known. 

If the Y’s were known and the number of equations were equal 
to the number of unknowns, the X’s could be derived at once 
by ordinary algebraic methods. The first condition is never ful- 
filled since direct measurements never give the true value of the 
numeric of the measured quantity. Let s1, 82, . . . S» represent 
the most probable values that can be assigned to the Y’s on the 
basis of the given measurements. If these values are substituted 
for the Y’s in (45), the equations will not be exactly fulfilled and 
consequently the true value of the X’s cannot be determined. The 
differences 

FP, (Xi, Xe, a oes0 Xe) —-— 8 = Ai, 
FP, (Xi, Xe, 6 0 . Xq) — So = Ag, (46) 


F,, (X1, Xe, eke X@) = Sy =i\e 


represent the true accidental errors of the s’s. 
Let 2, %2, . . . %, represent the most probable values that we 
can assign to the X’s on the basis of the given data. Then, since 
72 
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the s’s bear a similar relation to the Y’s, equations (45) may be 
written in the form . 


F, (x1, UO ole iy) —Shly 
Po, Uopce ss os Le) '8o, (47) 
Pg Gites © 7s Be) == Syn 


where the functions F1, F2, etc., have exactly the same form as 
before. When the number of s’s is equal to the number of 2’s, 
these equations give an immediate solution of our problem by 
ordinary algebraic methods; but in such cases we have no data 
for determining the precision with which the computed results 
represent the true numerics X;, Xo, etc. 

Generally the number of s’s is far in excess of the number of 
unknowns and no system of values can be assigned to the 2’s 
that will exactly satisfy all of the equations (47). If any assumed 
values of the x’s are substituted in (47), the differences 


Fy (x1, Ya, +. . Ze) eee Ty 
Fo (1, %2, . . . &q) — S2 = 12, (48) 
es (x1, U2, 2 « - Lq) = 8; = Tn 


represent the residuals corresponding to the given s’s. , Obviously, 
the most probable values that we can assign to the 2’s will be 
those that give a maximum probability that these residuals are 
equal to the true accidental errors Ai, As, etc. 

If the s’s are all of the same weight, the A’s all correspond to 
the same precision constant w. Consequently, as in article thirty- 
five, the probability that the A’s are equal to the 7’s is 


2 
pet wont Tett «++ + Tn?) 
(43) 


and this is a maximum when 

re tre t .. . +r? = [r?] = a minimum. (49) 
Hence, as in direct measurements, the most probable values that 
we can assign to the desired numerics are those that render the 


sum of the squares of the residuals a minimum. For this reason 
the process of solution is called the method of least squares. 
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Since the r’s are functions of the g unknown quantities 21, x, 
etc., the conditions for a minimum in (49) are 


ae r=0; 21-0 ... BET ait Gi) 
provided the z’s are entirely independent in the mathematical 
sense, i.e., they are not required to fulfill any rigorous mathe- 
matical relation such as that which connects the three angles of 
a triangle. The equations (47) are not such conditions since the 
functions F,, F'2, etc., represent measured magnitudes and may 
take any value depending on the particular values of the 2’s that 
obtain at the time of the measurements. When the 7’s are re- 
placed by the equivalent expressions in terms of the 2’s and s’s as 
given in (48), the conditions (50) give qg, and only g, equations 
from which the x’s may be uniquely determined. 

If the weights of the s’s are different, the A’s correspond to 
different precision constants wi, we, ... , @, given by the rela- 
tions 

1 = We VW; 2 = Ws Vey». . On = Ws Vn, 


where w, is the precision constant corresponding to a standard 
measurement, i.e., a measurement of weight unity; and wi, we, 
... , W, are the weights of the s’s. Under these conditions, as 
in article forty-five, the most probable values of the x’s are those 
that render the sum of the weighted squares of the residuals a 
minimum. ‘Thus, in the case of measurements of unequal weight, 
the condition (49) becomes 


Wit? + Were + ++ + + Wal? = [wr?] = amininum, (51) 


and conditions (50) become 


= wr = 0; fur cat |()'2 nan 5g, (wri =0. (52) 

49. Observation Equations. — The equations (50) or (52) can 
always be solved when all of the functions Fi, F2, ... F, are 
linear in form. Many problems arise in practice which do not 
satisfy this condition and frequently it is impossible or incon- 
venient to solve the equations in their original form. In such 
cases, approximate values are assigned to the unknown quantities 
and then the most probable corrections for the assumed values 
are computed by the method of least squares. Whatever the form 
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of the original functions, the relations between the corrections can 
always be put in the linear form by a method to be described in a 
later chapter. 

When the given functions are linear in form, or have been 
reduced to the linear form by the device mentioned above, equa- 
tions (47) may be written in the form 


301+ byte + Cte +... + it, = 51, 
Get, + bot, + cots t+ 1... + P2q = 82, (53) 
AnV1 + bnX2 + CnX3 + see ae PnXq = Sn) 


where the a’s, b’s, etc., represent numerical constants given either 
by theory or as the result of direct measurements. These equa- 
tions are sometimes called equations of condition; but in order 
to distinguish them from the rigorous mathematical conditions, 
to be treated later, it is better to follow the German practice and 
call them observation equations, ‘‘Beobachtungsgleichungen.”’ 

By comparing equations (47), (48), and (53), it is obvious that 
the expressions 


O12, + bite + eizg + ++ > +pitg— 51 =11, 
et, + bet, + cots + + + + + Poly — 82 = Pe, (54) 
Ont + Oats + Cots + °° > + pag — Sn = Tn 


give the residuals in terms of the unknown quantities x1, 22, etc., 
and the measured quantities s1, Se, ete. 

50. Normal Equations. — In the case of measurements of 
equal weight, we have seen that the most probable values of the 
unknowns 21, 2, etc., are given by the solution of equations (50) 
provided the z’s are independent. Assuming the latter condition 
and performing the differentiations we obtain the equations 


Onn 
Aas PANNE Yemen 


0x4 Wy _ 0X1 0x4 
Ory Ore Ors Orn 
—— —— eee ie me = 0, 3 
T1 OLe te ane aa O22 =F + O22 (i) 
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Differentiating equations (54) with respect to the x’s gives 


ONiCee ame seiner: _ ofa. 
apt = ai; OL, =O coos § a Any 
Ory Ore Orn 
Serpe ta = b 5 ey oe 2 — n a 
OX> bi; 0X2 = u 0X2 ; (il) 
Ory = ’ Ore - i J Tn ze 
OX, omy One) 0X4 ae OO ee OX g Pn) 
and hence equations (i) become 
1104 ++ T2Q2 + oe + nbn = 0, 
(iO [ole tae nents ee 


Tip. te Tep2 ae eee TnrPn = 0. 
Introducing the expressions for the r’s in terms of the z’s from 
equations (54) and putting 
[aa] = a101+ 202+ A3d3-+ + + + 1 Onn, 
[a b] = = dib1 + debe + a3b3 + > + + alas 


te = 0181 + A282 yaad A383 is 1 Gash, 
[ba] = bia1 + bea, + b3a3 + - + - + bran = [ab], (55) 
[bb] = bibs + babs + b3b3 + + + + + Onda, 
[bc] = = bier + beee + ae Se PO a OnChy 


RAL Pipi a Dope se) DsPs ae * + DnPay 
equations (iti) reduce to 
[aa] xy + [ab] x2 + [ac] 23+ +--+ +[ap]rq= [as], 
[ab] x1 ++ [bb] ve + [be] v3 + + + + + [bp] aq = [bs], | 
[ac] £1 + [bc] 2 + [cc] a3 + +--+ + [cp] x, = [cs], (56) 


[ap] 21+ [bp] x2 + [ep]az + ++ + + [pp] xq= [psl, 

giving us q, so-called, normal equations from which to determine 
the g unknown 2’s. 

Since the normal equations are linear in form and contain only 
numerical coefficients and absolute terms, they can always be 
solved, by any convenient algebraic method, provided they are 
entirely independent, i.e., provided no one of them can be ob- 
tained by multiplying any other one by a constant numerical 
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factor. This condition, when strictly applied, is seldom violated 
in practice; but it occasionally happens that one of the equations 
is so nearly a multiple or submultiple of another that an exact 
solution becomes difficult if not impossible. In such cases the 
number of observation equations may be increased by making 
additional measurements on quantities that can be represented 
by known functions of the desired unknowns. The conditions 
under which these measurements are made can generally be so 
chosen that the new set of normal equations, derived from all of 
the observation equations now available, will be so distinctly 
independent that the solution can be carried out without difficulty 
to the required degree of precision. 

By comparing equations (53) and (56), it is obvious that the 
normal equations may be derived in the following simple manner. 
Multiply each of the observation equations (53) by the coefficient 
of x; in that equation and add the products. The result is the 
first normal equation. In general, g being any integer, multiply 
each of the observation equations by the coefficient of x, in that 
equation and add the products. The result is the gth normal 
equation. The form of equations (56) may be easily fixed in 
mind by noting the peculiar symmetry of the coefficients. Those 
in the principal diagonal from left to right are [aa], [bb], [cc], etc., 
and coefficients situated symmetrically above and below this 
diagonal are equal. 

When the given measurements are not of equal weight, the 
observation equations (53), and the residual equations (54) remain 
unaltered, but the normal equations must be derived from (52) 
in place of (50). Since the weights wi, we, etc., are independent 
of the z’s, if we treat equations (52) in the same manner that we 
have treated (50), we shall obtain the equations 


Wy 1d1 + Wer2d2 + + + + + Wal'ndn = 0, 
Wirib1 + Werade + + + + + WnTndn = 0, (iv) 
Wil pit Woerspat ++ + + WalnPn= Y, 
in place of equations (iii). Hence, if we put 
[waa] = wW1Q101 + Weded2 + + + + + Wndndn, 
[was] = wis + WeGes2 + + + + + WndnSn, (57) 


[wpp] = wipipit Wepopet + + + + WnPaPn 
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the normal equations become 
[waa] x; + [wab] x2 + [wac]as + ++ + + [wap] x, = [was], 


[wab] x1 + [wbb] x2 + [whe] v3 + +> > +[wbp] x, = [wbs], 
[wac] x1 + [whe] x2 + [wee] vs + - - + + [wep] xq = [wes], ¢ (58) 


[wap] «1+ [wp] x2 + [wep]as + - + - + [wpp] tq = [wps]. 

These equations are identical in form with equations (56), and 
they may be solved under the same conditions and by the same 
methods as those equations. Consequently, in treating methods 
of solution, we shall consider the measurements to be of equal 
weight and utilize equations (56). All of these methods may be 
readily adapted to measurements of unequal weight by substitut- 
ing the coefficients as given in (57) for those given in (55). 

51. Solution with Two Independent Variables. — When only 
two independent quantities are to be determined the observation 
equations (53) become 

Q121 + b1x%2 = $1, 


1 + bore = S82, (58a) 


AnX1 ae brt = Sn, 


and the normal equations (56) reduce to 


[aa] x1 + [ab] x2 = [as], 
[ab] x1 + [bb] x2 = [bs]. (56a) 
Solving these equations we obtain 
x, — bl las] — [ab] [bs] 
1 hoe — 
[aa] [bb] — [ab] es 


en [aa] [bs] — [ab] [as] 
[aa] [bb] — [ab]? 
As an illustration, consider the determination of the length Lo 
at 0° C., and the coefficient of linear expansion a of a metallic 
bar from the following measurements of its length L; at temper- 
ature @° C. 
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Within the temperature range considered, L; and ¢ are connected 
with Lo and a by the relation 
Li = Lo a ta at), 
DL: = Li + Lyat, (v) 
and a set of observation equations might be written out at once 
by substituting the observed values of LZ; and ¢ in this equation. 
But the formation of the normal equations and the final solution 
is much simplified when the coefficients and absolute terms in the 
observation equations are small numbers of nearly the same order 
of magnitude. To accomplish this simplification, the above func- 
tional relation may be written in the equivalent form 


PME NOs aL 10001810 Tae 


or 


and if we put 10 
t 
£,—1000=s; —=68, ; 
: ant0 (vi) 
; Lo- 1000 = V1; 10 Loa = 2, 
it becomes 
a1 + bao = 8. 


Using this function, all of the a’s in equation (53a) become equal 
to unity and the 6’s and s’s may be computed from the given 
observations by equations (vi). Hence, in the present case, 
the observation equations are 


V1 + Me £3 — .36, 
V1 + 3 rL2 = 53, 
V1 +- 4 Lg = .7A, 
V1 + 5 cL — Or 
V1 + 6 Lo = 1.06. 


For the purpose of forming the normal equations, the squares 
and products of the coefficients and absolute terms are tabulated 
as follows: 


| 


Substituting these values of the coefficients in (56a) gives the 
normal equations 
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5a, +2022 = 3.60, 
20 U1 + 90 bby SS 16.18, 
and by (59) we have 


90 X 3.60 — 20 X 16.18 


The 5 Xx 90 — 400 e508. 
_ 5X 16.18 — 20 X 3.60 _ 
a x B00 00 SER 


From these results, with the aid of relations (vi), we find 
Lo = £1 + 1000 = 1000.008, 


Loa = Tin = 0.0178, 
EAU: 0.0000178, 
Ly 


and finally 


LT; = 1000.008 (1 + 0.0000178 ¢) millimeters. (vii) 
The differences between the values of LZ; computed by equation 
(vii), and the observed values give the residuals. But they can 
be more simply determined by using the above values of 2; 
and 22 in the observation equations and taking the difference 
between the computed and observed values of s. Thus, if s’ 
represents the computed value and r the corresponding residual 
s’ = 0.008 + 0.178 8, 
and r=s'—s, 
With the values of s and b used im the observation equations we 
obtain the residuals as tabulated below: 


72 X< 10¢ 


6 


0. 

1.44 
4.00 
1.44 
2.5) 
9.60 x 10-4 


= 


Since the above values of 7; and x2 were computed by the method 
of least squares, the resulting value of [r?], i.e., .000960, should be 
less than that obtainable with any other values of x; and 22. 
That this is actually the case may be verified by pores out the 
computation with any other values of x; and 2». 
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52. Adjustment of the Angles About a Point. — As an illus- 
tration of the application of the method of least squares to the 
solution of a problem involving more than two unknown quanti- 
ties, suppose that we wish to determine the most probable value 
of the angles Ai, As, and Az, Fig. 9, from a series of independent 
measurements of equal weight on the angles Mi, Ms, ... Ms. 
If the given measurements were all exact, the equations 


A, = Mi; A, = M2; A; = M3; 
A,+A,=M,; A,+A2+A;3 = M;; and Az, +A; = Mg, 


would all be fulfilled identically. In practice this is never the 
case and it becomes 
necessary to adjust the 
values of the A’s so that 
the sum of the squares 
of the discrepancies will 
be a minimum. The 
adjustment may be ef- 
fected by adopting the 
above equations as ob- 
servation equations and 
proceeding at once to 
the solution for the A’s 
by the method of least 
squares. But the ob- 
served values of the M’s 
usually involve so many 
significant figures that 
the computation would 
be tedious. It is better 
to adopt approximate 
values for the A’s and then compute the necessary corrections by 
the method of least squares. 

For this purpose, suppose we adopt Mi, M2, and M3 as approxi- 
mate values of A1, Ao, and As; respectively and let 21, v2, and x3 
represent the corrections that must be applied to the M’s in order 
to give the most probable values of the A’s. Then, putting 


A,;=M,+4+%, A, = M2+%2, and A; = M3+ 2s, (viii) 


\ 
\ 
\ 
\ 
| 
| 
| 
| 
! 


Fig. 9. 


the above equations become 
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1 + Le = M,— (Mi+M)), 
#1 +22 -- ts = Ms — (M,+ M.+ Ms), 
Lo +23 = Mg — (M2 + M3). 
To render the problem definite, suppose that the following 
values of the M’s have been determined with an instrument read- 
ing to minutes of arc by verniers: 


M, = 10° 497.5, M, = 45° 247.0, 
My, = 34° 36’.0, Ms = 60° 537.5, 
M; = 15° 25'.5, M, = 50° 07.0. 
Substituting these values in the above equations we obtain 
V1 => 0, 
vo => 0, 
v3 = 0, 
Vy + Hip) = 15, 


Uy + Ve -+ v3 = Deon 
Xe + %3 => ia 


Adopting these as our observation equations and comparing with 
(53) we obtain the coefficients and absolute terms tabulated below: 


The squares and products of the coefficients and absolute terms 
may be tabulated, for the purpose of forming the normal equations, 
as follows: 


=] 
an 
a 
oa 
oF 
is) 
> 
a 
° 
S 
a 
© 


eNoooo 


| 


Sole wrooo 


wlorRosco 
em) 
| 
wl HrHoooo 
| 
wl roroo 
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tn] cron ox 


1 
0 
0 
1 
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0 
3 
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Brjyownrooo 
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[= 
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= 
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o 
co 
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\{ 


Art. 53] THE METHOD OF LEAST SQUARES 83 


Substituting these values in (56) the three normal equations 
become 
38%,+2%+123 ase Ihe 
224 + 42 +2 4x3 = 0.5, 
1a; + 2%24-3 23 = 1; 


and solution by any method gives 


X1 = 0.625; x2 = — 0.75; xs = 0.625. 


With these results together with the given values of Mi, M2, 
and M3 we obtain from equations (viii) 


A; = 10° 50.125, 
Az = 34° 35'.25, 
Az = 15° 26'.125. 


In a problem so simple as the present the normal equations are 
generally written out at once from the observation equations by 
the rule stated in article fifty, without taking the space and time 
to tabulate the coefficients, etc. But, until the student is thor- 
oughly familiar with the process, it is well to form the tables as 
a check on the computations and to make sure that none of the 
coefficients or absolute terms have been omitted. For this reason 
the tabulation has been given in full above and the student is 
advised to carry out the formation of the normal equations by 
the shorter method as an exercise. 

53. Computation Checks. — When the number of unknowns 
is greater than two and a large number of observation equations 
are given with coefficients and absolute terms involving more than 
two significant figures, the formation of the normal equations is 
the most tedious and laborious part of the computations. It is, 
therefore, advantageous to devise a means of checking the com- 
puted coefficients and absolute terms in the normal equations 
before we proceed to the final solution. 

For this purpose compute the n quantities f, tz, . . . t by the 
equations 


athtate:s: +p = th, 
as area a0 a Lae “4 (60) 


(bec + = py = bey 
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where the a’s, b’s, etc., are the coefficients in the given observa- 
tion equations. Multiply the first of equations (60) by si, the 
second by ss, etc., and add the products. The result is 


[as] + [bs] + [es] + - - + + [ps] = [és]. (61) 


In the same way, multiplying by the a’s in order and adding, then 
by the b’s in order and adding, etc., we obtain the following rela- 
tions 

[aa] + [ab] + [ac] + - + - + [ap] = [at], 

[ab] + [bb] + [be] + - > - + [bp] = [bé), 

[ac] + [be] + [cc] + +--+ +[ep] = [cd], (62) 


[ap] + [bp] + [ep] + - - + + [pp] = (pil. 


If the absolute terms in the normal equations have been accu- 
rately computed, equation (61) reduces to an identity. If the 
coefficients have been accurately computed equations (62) all 
become identities. Hence (61) is a check on the computation of 
the absolute terms and equations (62) bear the same relation to 
the coefficients. The extra labor involved in computing the quan- 
tities [ts], [at], . . . , [pt] is more than repaid by the added confi- 
dence in the accuracy of the normal equations. 

When all attainable significant figures are retained throughout 
the computations, the checks (61) and (62) should be identities. 
In practice the accuracy of the measurements is seldom sufficient 
to warrant so extensive a use of figures, and, consequently, the 
squares and products, aa, ab, . . . as, at, etc., are rounded to such 
an extent that the computed values of the x’s will come out with 
about the same number of significant figures as the given data. 
Judgment and experience are necessary in determining the number 
of significant figures that should be retained in any particular 
problem and it would be difficult to state a general rule that 
would not meet with many exceptions. When the computed 
coefficients and absolute terms are rounded, as above, the checks 
may not come out absolute identities, but they should not be 
accepted as satisfactory when the discrepancy is more than two 
units in the last place retained. . 

54. Gauss’s Method of Solution. — When the normal equa- 
tions (56) are entirely independent, they may be solved by any 
of the well-known methods for the solution of simultaneous 
linear equations and lead to unique values of the unknown quan- 
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tities 11, %2, etc. Gauss’s method of substitution is frequently 
adopted for this purpose since it permits the computation to be 
carried out in symmetrical form and provides numerous checks 
on the accuracy of the numerical work. The general principles 
of the method will be illustrated and explained by completely 
working out a case in which there are only three unknowns. 
Since the process of solution is entirely symmetrical, it can be 
easily extended for the determination of a larger number of 
unknowns, but too much space would be required to carry through 
the more general case here. 

When only three unknowns are involved, the perma equations 
(56) and the check equations (60) and (61) may be completely 
written out in the following form, the computed quantities and 
equations being placed at the left, and the checks at the right. 
[aa] x1 + [ab] x2 + [ac] xs = [as]. [aa] + [ab] + [ac] = [at]. 

[ab] a, + [bb] v2 + [be] xs = [bs]. [ab] + [bd] + [bc] = [b 
[ac] x1 + [be] a2 + [ec]xs = [cs]. [ac] + [be] + [ec] = [e 
[as] + [bs] + [cs] = [ 

Solve the first equation on the left for x1, giving 
ee (64) 


[aa] [aa]*? [aa] ** 


Compute the following auxiliary quantities: 


t] 
il. (63) 
] 


st}. 


po] — PE fad = fob- 11, (| — Fat] = (eH, 
foc) — [2Ph ae] = (be= 1], fell — FE Lat} = [et 
os] — 2 fas] = fos, I) — 22h (all = [t= 
(eq) — [2 fac] = fce- 1, 


[ac} 

— lac} => es 1 

[cs] = [as] = [cs + 1], 

As a check on these computations we notice that 


[bb + 1] -+ [be» 1] = [bb] + [be] — aa ({ab] + [acl), 


= [bf] — [ab] — ({at] — [aal), 


= [bi] — ot [at] = [bt 1]. 
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In a similar way we may show that we should have 

[bc 1] + [cc-1] = [ct-1] and [bs-1] + [cs-1] = [sé- 1]. 
Substituting (64) in the last two of (63) and placing the above 
checks to the right, we have the equations 
[bb+ 1] 22 + [be- 1] 23 = [bs-1],  [bb- 1] + [bc-1] = [be- 1], 
[bc+ 1] xv, + [cece 1] 23 =[cs+ 1], [be+ 1] + [cc-1] = ue otf, 6a) 

[bs +1] + [cs+ 1] = [st 1], 

which show the same type of symmetry as (63), but contain only 
two unknown quantities. Solve the first of (65) for x2 giving 
bs+1 be+1 
an : i = : se fo) 


and compute the following auxiliaries: 


C2 = 


foe 1] — Fey fb 1] = [eo 2 velate i Bt 1 [eee 
fes- 1] — Fes 1] = [es + 2], ft) — : [bt - 1] = [st- 2]. 


By a method similar to that used above we can show that we 
should have 
[ccs 2) = [et- 2| “and” [es+ 2] =9[st= 2). 
Hence, substituting (66) in the last of (65), we have 
[ce+2] x3 = [es*2], [cc-2] = [ct- 2], 
[es + 2] = [st 2], 


and consequently 
| [es « 2]. 


aS? [cc « Oe 

Having determined the value of x; from (67), 22 may be cal- 
culated from (66), and then x; from (64). 

A very rigorous check on the entire computation is obtained as 
follows: using the computed values of x1, #2, and x3 in equations 
(54), derive the residuals 

11 = A141 + bite + C1%3 — S1, 
2 = At + bet, + Coxvg — 82, (68) 


(67) 


Tr = And, + bre a CnX3 — Sny 
and then form the sums 
[rr] = re +r2e+rs?+ +++ +17,2, 
[ss] = sP + 52% +s%+ +--+ +58,2. 


. 
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If the computations are all correct, the computed quantities will 
satisfy the relation 


[rr] = [ss] — [2 fas] — es 


[aa] 
To prove this, multiply the first of (68) by 1, the second by re, 
etc., and add the products. The result is 
[rr] = [ar] x1 + [br] xe + [er] x3 — [sr]. 
But from equations (iii), article fifty, 
[ar] = [br] = [cr] = 0, 
[rr] = — [sr]. (70) 


Multiply each of equations (68) by its s; add, taking account of 
(70), and we obtain 


[bs-1] — ~““[es-2]. (69) 


consequently 


[rr] = [ss] — [as] 21 — [bs] a2 — [es] xs. 


Eliminating x;, 22, and 23, in succession with the aid of (64), (66), 
and (67) we find 


[rr] = [ss] — a [as] — [bs* 1] xe — [cs+ 1] xs, 
[rr] = [ss] — i [as] — ie ; [bs +1] — [cs + 2] xs, 


and finally 
poe 133) = eB [as] — a ; [bs - 1] — eS [cs 2], 


which is identical with (69). 

55. Numerical Illustration of Gauss’s Method. — The fore- 
going methods are most frequently used for the adjustment of 
astronomical and geodetic observations, and their application to 
particular problems is fully discussed in practical treatises on 
such observations. The physical problems, to which they are 
applicable, usually involve the determination of an empirical 
relation between mutually varying. quantities. Such problems 
will be discussed at some length in Chapter XIII, and the corre- 
sponding observation equations will be developed. 

It would require too much space to carry out the complete dis- 
cussion of such a problem, in this place, with all of the observa- 
tions made in any actual investigation. But, for the purpose of 
illustration, the most probable values of a, 22, and 2; will be 
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derived, from the following typical observation equations, by 
Gauss’s method of solution: 

v1 = 0.24, 

ti + 22+ 0.42; =— 1.18, 

Xi t+ 42.+ 1.623 = — 1.53, 

it 622+ 3.623 =— 0.69, 

tit 8a2.+ 6.423;= 1.20, 

41 +10%2+10.0%3 = 4.27. 


Since the coefficient of x; is unity in each of these equations, 
the products aa, ab, ac, as, and at are equal to a, b, c, s, and ¢, 
respectively. Consequently the first five columns of the follow- 
ing table show the coefficients, absolute terms, and check terms 
(¢=a+b-+c) of the observation equations as well as the 
squares and products indicated at the head of the columns. The 
sums [aa], [ab], etc., are given at the foot of the columns and the 
checks, by equations (61) and (62), are given below the tables. 
In the present case, the coefficients are expressed by so few signifi- 
cant figures that it is not necessary to round the computed products 
and consequently the checks come out identities. 


=] 
is 


as 


0.24 
leks 
=n Od 
—0.69 

1.20 

4.27 


NRrH 
o| Onaoano 


ox 
wo)! Rasawe 


2.31 
[as] 


is 
= 


Check: [aa] + [ab] + [ac] = 58.0. 


0.00 
—0.472 
—2.448 
—2.484 
7.680 : 
42.700 210.00 


156.64 44.976 : 358 . 64 
[cs] [ct] 


Checks: [ab] + [bb] + [bc] = 430.0 
[ac] + [be] + [ec] = 358 . 64 
[as] + [bs] + [cs] = - 86.966 
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The normal equations and their checks might now be written 
out in the form of equations (63), but, since the coefficients and 
other data necessary for their solution are all tabulated above, it 
is scarcely worth while to repeat the same data in the form of 
equations. The computation of the auxiliaries [bb- 1], [bc - 1], 
etc., and the final solution for a1, v2, and 23 by logarithms is best 
carried out in tabular form as illustrated on pages 90 and 91. 
The meaning of the various quantities appearing in these tables, and 
the methods by which they are computed, will be readily under- 
stood by comparing the numerical process with the literal equa- 
tions of the preceding article. When the letter n appears after a 
logarithm it indicates that the corresponding number is to be taken 
negative in all computations. 

The computation of the residuals by ecaanons (68) and the 
final check by (69) is carried out in the following table, where 
Scale, is Written for the value of the expression ax, + baz + cas, 
when the computed values of 21, 22, and x3 are used and Sobs, 18 
the corresponding value of s in the observation equations. Thus 


11 = A1%1 + O12 + C143 — $1 = $1 calc, — S81 obs. 


r2 X 108 


25 0.0576 
225 1.3924 
324 2.3409 
361 0.4761 
225 1.4400 

36 18.2329 


.001196 23 .9399 
[rr] [ss] 


[as [ba 1] 
7 (ses ed CS 


[bs + cs + 2] 


0.8893 + 11.3042 “+ , 23 .9387 
Final check by (69): 0.0012 


Since the checks are all satisfactory, we are justified in assum- 
ing that the computations are correct. Hence the most probable 
values of the unknowns, derivable from the given observation 
equations, are 


a1 = 0.245; 22 = — 1.0003; 2s = 1.4022, 
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and the corresponding empirical relation becomes 
s = 0.245 a — 1.0003 b + 1.4022 c. 


A small number of observation equations with simple coefficients 
have been chosen, in the above illustration, partly to save space 
and partly in order that the computations may be more readily 
followed. In practice it would seldom be worth while to apply 
the method of least squares to so small a number of observations 
or to adopt Gauss’s method of solution with logarithms when the 
normal equations are so simple. When the number of observa- 
tions is large and the coefficients involve more than three or four 
significant figures, the method given above will be found very 
convenient on account of the numerous checks and the symmetry 
of the computations. In order to furnish a model for more 
complicated problems, the process has been carried out completely 
even in the parts where the results might have been foreseen 
without the use of logarithms. 

56. Conditioned Quantities. — When the unknown quantities, 
21, U2, etc., are not independent in the mathematical sense, the 
foregoing method breaks down since the equations (50) no longer 
express the condition for a minimum of [rr]. In such cases the 
number of unknowns may be reduced by eliminating as many of 
them as there are rigorous mathematical relations to be fulfilled. 
The remaining unknowns are independent and may be deter- 
mined as above. The eliminated quantities are then determined 
with the aid of the given mathematical conditions. 

For the purpose of illustration, consider the case of a single 
rigorous relation between the unknowns, and let the correspond- 
ing mathematical condition be represented by the equation 


OAC eet eae Os (71) 
As in the case of unconditioned quantities, the observation equa- 
tions (53) are 


Git, + bive + cits $F +> © Dilq = $1, 


Got: + bete + cog tees + Px q = S2, (53) 


Gnd + bate + nts + + + + Dake = Sn: 


The solution of (71) for x, in terms of x2, 23, . . ., %, may be 
written in the form 


Seva (ia, es cae rey ie) (72) 


a ee ee 
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Introducing this value of x1, equations ep become 


Caples, va, os » Lq) + biz, + ets >> + + Pitq = $1, 
OS MC ae oe + bere + Cots + + + > + Pog = So, 


iE (x2, U3, « o a 9 Bey + nee oe CnX3 ie CE PrXq = Sn- 


Since the form of 6 is known, that of f is also known. Hence, by 
collecting the terms in 22, 23, etc., and reducing to linear form, 
if necessary, we have 

Ota tive b + = « py’ oe = 81 ? 

bet, + Co't3 + +++ +72 si = 82’, 


bn’ 2 = Cn’ 3 oe : oe Pn ite = Sas . 

The z’s in these equations are independent, and, consequently, 
they may be determined by the methods of the preceding articles. 
Using the values thus obtained in (71) or (72) gives the remaining 
unknown 2x; The 2’s, thus determined, obviously satisfy the 
mathematical condition (71) exactly, and give the least magnitude 
to the quantity [rr] that is consistent with that condition. They 
are, consequently, the most probable values that can be assigned 
on the basis of the given data. 

As a very simple example, consider the adjustment of the 
angles of a plane triangle. Suppose that the observed values of 
the angles are 

6 = 60-1; 82 = 59°58’; sy; = 59° 59’. 
_ The adjusted values must satisfy the condition 
1 + %2 + 23 = 180°, 
or 
t= 180° — Co 36 
Eliminating x, from the observation equations, 
Li = $1;- Te = So; and 23 = 83} 


and substituting numerical values we have 
V2 + £3 = 119° 59’, 
ae = 59° 58’, 
tg = 709° 159. 
The corresponding normal equations are 
222 +23 = 179° 57’, 
to +273 = 179° 58’, 
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from which we find 
%e = 59° 58’.7 and xs = 59° 59.7. 


Then, from the equation of condition, 
ci 60° 1’.6. 
When there are two relations between the unknowns, expressed 


by the equations 
61 (x1, U2, 2 2 2 9 La) = 0, 


Oz (1, T2,- + , tq) = 0, 


they may be solved simultaneously for x; and a, in terms of the 
other 2’s, in the form 

m=fi (ws, U4, 2 2 ey Lq), 

MD) = fe (x3, 4, 2 2 sy ea): 
Using these in the observation equations (53) we obtain a new set 
of equations, independent of 2; and 22, that may be solved as 
above. It will be readily seen that this process can be extended 
to include any number of equations of condition. 

When the number of conditions is greater than two, the compu- 
tation by the above method becomes too complicated for practical 
application and special methods have been devised for dealing 
with such cases. The development of these methods is beyond 
the scope of the present work, but they may be found in treatises 
on geodesy and practical astronomy in connection with the prob- 
lems to which they apply. 


eT 


CHAPTER VIII. 
PROPAGATION OF ERRORS. 


57- Derived Quantities. — In one class of indirect measure- 
ments, the desired numeric X is obtained by computation from 
the numerics X1, X2, etc., of a number of directly measured mag- 
nitudes, with the aid of the known functional relation 

AGH IO. Ge) Cr care sane. Gry 


We have seen that the most probable value that we can assign to 
the numeric of a directly measured quantity is either the arith- 
metical mean of a series of observations of equal weight or the 
general mean of a number of measurements of different weight. 
Consequently, if 71, 2, ..., XY, represent the proper means of 
the observations on Xi, X2,..., Xq the most probable value 
x that we can assign to X is given by the relation 
Geet L Ses SEL Ly) 


where F has the same form as in the preceding equation. 

Obviously, the characteristic errors of x cannot be easily deter- 
mined by a direct application of the methods discussed in Chapters 
V and VI, as this would require a separate computation of x from 
each of the individual observations on which 21, 2, etc., depend. 
Furthermore, it frequently happens that we do not know the 
_ original observations and are thus obliged to base our computa- 
tions on the given mean values, 71, %2, etc., together with their 
characteristic errors. 

Hence it becomes desirable to develop a process for computing 
the characteristic errors of x from the corresponding errors of 
21, V2, etc. For this purpose we will first discuss several simple 
forms of the function F and from the results thus obtained we 
will derive a general process applicable to any form of function. 

58. Errors of the Function X, + Xe+X3;+ ...+X¢. 

Suppose that the given function is in the form 

X=X,;+ Xo, or X = X;— Xo. 
These two cases can be treated together by writing the function in 


the form 
X=X,;1+Xz2, 
95 3 
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and remembering that the sign - indicates two separate problems 

rather than, as usual, an indefinite relation in a single problem. 

If the individual observations on X, are represented by ay, ds, 
. > Gy, and those on Xz by 61, bs, . .. , bn, we have 

Ot Carte + An ee er Oat ase + bn 


n n 


vy = 


and the most probable value of X is given by the relation 
= M+ 2%. 
From the given observations we can calculate n independent 
values of X as follows: 
Ai=a+6, As=a,+be, ..., An =Gn dy, 


and it is obvious that the mean of these is equal to z. The true 
accidental errors of the a’s are 


Aar= a, —X 1, Ady sa, — Xa ss ee Ad, = 6° XG; 
those of the b’s are 

Ab; = b1 — Xo, Abe = be — Xe, ... , Abn = bn — X23 
and those of the A’s are 

AA, =A,—X, AA,=A.—X, ..., AA,=A,— X. 


We cannot determine these errors in practice, since we do not 
know the true value of the X’s, but we can assume them in literal 
form as above for the purpose of finding the relation between the 
characteristic errors of the 2’s. 

Combining the equations of the preceding paragraph with the 
given functional relation, we have 


AA, => (a1 SE by) a (Xi esi Xe) 
(ay = X1) =—E (by = X») 
= Aa, Se) Abi, 
and similar expressions for the other AA’s. Consequently 


(AA,)? = (Aa)? = 2 Aa;Ab; +- (Ab;)?, 
(AA»)? = (Aaz)? aS 2 AazAbs ob (Abs)?, 


(AA,)? = (Aa,)? + 2.Aa,Ab, + (Ab,)?. 
Adding these equations, we find 
[(AA)?] = [(Aa)?] + 2 [AaAd] + [(Ad)?]. 
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; Since Aa and Ad are true accidental errors, they are distributed 
in conformity with the three axioms stated in article twenty-four. 
Consequently equal positive and negative values of Aa and Ab 
are equally probable and the term [AaAb] would vanish if an 
infinite number of observations were considered. In any case it 
is negligible in comparison with the other terms in the above 
equation. Hence, on dividing through by n, we have 
(AA) _ [(Aa)*] , (Ab) 


n n n 


and by equation (20), article thirty-seven, this becomes 
M/=M?+ M, (73) 


where M, is the mean error of a single A, M, that of a single a, 
and M, that of a single b. Since x, x1, and 2, are the arithmetical 
means of the A’s, a’s, and b’s, respectively, their respective mean 
errors, M, Mi, and Ms, are given by the relations 


M 2 2 2 
M=—4, Me= » and pecs 
n n : n 


in virtue of equations (29), article forty. Consequently, by (73) 
M? = M alan M 2”, 

or M=v M? + M.?. (74) 

Since the mean and probable errors, corresponding to the same 


series of observations, are connected by the constant relation (26), 
article thirty-nine, we have also 


H=VE?+ Ee, (75) 
where H, Ei, and Hz are the probable errors of x, 2, and 2, 


respectively. 

It should be noticed that the ambiguous sign does not appear 
in the expressions for the characteristic errors. The square of 
the error of the computed quantity is equal to the sum of the 
squares of the corresponding errors of the directly measured quan- 
tities, whether the sign in the functional relation is positive or 
negative. Thus the error of the sum of two quantities is equal 
to the corresponding error of the difference of the same two quan- 
tities. 

Now suppose that the given functional relation is in the form 

X=XitXot Xz. 
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The most probable value of X is given by the relation 
U0 = 2 3; 


where the notation has the same meaning as in the preceding 
case. Represent x1 + X2 by 2p, then 
L = Lp + 73, 


and, by an obvious extension of the notation used above, we have 
M,?= M+ M-;?, 
M? =M,/4+M; 
ar M? +M? + M;?. 


Passing to the more general relation 
X=X+X2.t+X3t = + X,, 


we have esa boot at-++: +2, 


and, by repeated application of the above process, 
Sree Me MM ge ee eee 
Beet Hig? at org ese tag”, 
Thus the square of the error of the algebraic sum of a series of 
terms is equal to the sum of the squares of the corresponding 
errors of the separate terms whatever the signs of the given terms 
may be. 
59. Errors of the Function a1X1- aoXo+asX3+ +++ tayXyq. 
Let the given functional relation be in the form 
xX — a X14, 


where a; is any positive or negative, integral or fractional, con- 
stant. The most probable value that we can assign to X on the 
basis of n equally good independent measurements of X is 


(76) 


L = 41%, 


where 2; is the arithmetical mean of the n direct observations 
3, Ao, Az, . . » 5 An. ¥ 

The n independent values of X obtainable from the given obser- 
vations are 


A = A101, Ae EDOM 5 6 6 5 AS, = Q1On- 
The accidental errors of the a’s and A’s are 


Aa, = a — X, Aap = Ao — Xi, aD oF Aan = An — Xi, 
and 
AA, =A,-X, AA,=A2.—X, wey AA, =A, — X. 
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Combining these equations we find 

AA, Ota ayX4 

= aAq, 

and similar expressions for the other AA’s. Consequently 

(AA1)? = a?(Aay)*, 
and [(AA)"] = ai? [(Aa)?]. 

If M and M, are the mean errors of x and a, respectively, 
/ 2 2 
ve = 14), ang ey = Ao, 

n n 
Hence M? = a2M ;, (77) 
and, since the probable error bears a constant relation to the 
mean error, 


EB? = aH’. (78) 
When the given functional relation is in the more general form 
X = aX; tacXgtazX3+ Sb” Mee + agXq, 
we have 
X= 01%, Hae. HAazgt3 +e e-s AqXqy 


where the 2’s are the most probable values that can be assigned 
to the X’s on the basis of the given measurements. Applying 
(77) and (78) to each term of this equation separately and then 
applying (76) we have 
M? = a?M?+ ao? M .? ae aM st =F sis 4 ag. 
2 =aPH? +a2°H? +a °hs +--+: +a/Zk,’, 
where the M’s and E’s represent respectively the mean and prob- 
able errors of the x’s with corresponding subscripts. 
60. Errors of the Function Ff (Xi, Xo, ..., Xq). 
We are now in a position to consider the general functional 
relation 


(79) 


Sear FX SX: sete); 


where F represents any function of the independently measured 
quantities Xj, Xe, etc. Introducing the most probable values of 
the observed numerics, the most probable value of the computed 
numeric is given by the relation 

Git LOW 80, i aq) (80) 


This expression may be written in the form 


TAG oe NV gak (an ea em a Cee (i) 
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where the l’s represent arbitrary constants and the 6’s are small 
corrections given by relations in the form 


61 ta? a l,. 


Obviously, the errors of the 5’s are equal to the errors of the corre- 
sponding x’s. For, if Mi, Ms, and Mz are the errors of a, 61, and 
l,, respectively, we have by equation (74) 


My = Mz + M?. 


But M, is equal to zero, because / is an arbitrary quantity and any 
value assigned to it may be considered exact. Consequently 


Mg = MY. (ii) 


Since the l’s are arbitrary, they may be so chosen that the 
squares and higher powers of the 6’s will be negligible in compari- 
son with the 6’s themselves. Hence, if the x’s are independent, 
(i) may be expanded by Taylor’s Theorem in the form 


oF OF 
C= u(t sels areas Ud iareree Sempre © oes 


Ch ao. Ox 
where an aap, ee? Raa! 


dq 


and the other differential coefficients have a similar significance. 
When the observed values of the z’s are substituted in these 
coefficients, they become known numerical constants. 

The mean error of F (li, lo, . . . , Iz) is equal to zero, since it 
is a function of arbitrary constants; and the mean errors of the 
é’s are equal to the mean errors of the corresponding 2’s by (ii). 


Consequently, if M, Mi, Me, . . . , M, represent the mean errors 
of x, 1, %2, . . + , Lq, respectively, we have by equation (79). 
oF 2 oF 2 oF 2 
2s aoe = fe Vey os, —_ 
a G M,) i e Ms) as a oe M,) : (81) 
oF “ OF a or 2 
p Photo (peace ae oe aoe 
ut & E,) or (= %) nF a (Se Be) ‘ 


where the E’s represent the probable errors of the z’s with corre- 
sponding subscripts. 

Equations (81) are general expressions for the mean and prob- 
able errors of derived quantities in terms of the corresponding 
errors of the independent components. Generally 2, x2, etc., 
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represent either the arithmetical or the general means of series of 
direct observations on the corresponding components, and Ey, E2, 
etc., can be computed by equations (32) or (41). In some cases, 
the original observations are not available but the mean values 
together with their probable errors are given. 

For the purpose of computing the numerical value of the differ- 
ential coefficients ~ aa etc., the given or observed values of 
the components 21, %2, etc., may generally be rounded to three 
significant figures. This greatly reduces the Iabor of computa- 
tion and does not reduce the precision of the result, since the L’s 
and M’s are seldom given or desired to more than two significant 
figures. 

61. Example Introducing the Fractional Error. — The prac- 
tical application of the foregoing process is illustrated in the follow- 
ing simple example: the volume V of a right circular cylinder is 
computed from measurements of the diameter D and the length L, 
and we wish to determine the probable error of the result. In 
this case, V corresponds to x, D to 21, L to x2, and the functional 
relation (80) becomes 

Vi=grD*L. 


Also, if Hy, Ep, and Ez are the probable errors of V, D, and L, 
respectively, the second of equations (81) becomes 


p= (Spa) (0: 


- where e : 
0 fe) cA 
Ane = 26 aD 1) = gtDL, 
and : 
to} 0 oy) — ne 
a = sl; ay 1) iD? 
Hence 


Ey? = 17°D*L?Ep? + ps wD*EL’. 
The computation can be simplified by introducing the frac- 
tional error ay. Thus, dividing the above equation by 
y2 = ve 7 DAL?, 


Hy 4 ED Ey? 
Vaiete( Tp. ba fe: 


we have 
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or, writing Py, Pp, and Pz for the fractional errors, 
Py =4Pp*?+ Pr, 
Py =VEP 3 + Pit; 
and finally 
Evy =VPy=V V4 Pp? + P7?. 

A similar simplification can be effected, in dealing with many 
other practical problems, by the introduction of the fractional 
errors. Consequently it is generally worth while to try this ex- 
pedient before attempting the direct reduction of the general 
equation (81). 

In order to render the problem specific, suppose that 

D = 15.67 + 0.13 mm., 
L = 56.25 + 0.65mm., 


then V = 10848 mm.,° 
and mip mee Or oss : Ae 45 
Pp = 55” = Ry = 0083; Po?= 69 X 10° 
ii Gs E 4 
Py = =" = Fe = 0116; Pr? = 135 x 10 


Py =V (4 X 69 + 135) X 10 = 0.020, 
Ey =VPy = 220mm. 
Hence 
V= 10.85 + 0.22 em. 


62. Fractional Error of the Function aX,*" x X,~="X --- 
x ee pagers 
Suppose the given-relation is in the form 
X = F(X) = aX1*", 


where a and n are constants and the + sign of the exponent n is 
used for the purpose of including the two functions aX," and 
aX,” in the same discussion. In this case equation (80) becomes 
x = ary", 
and the second of (81) reduces to 
R= (= B,) 
Ox 


But 
OF 


dat 
Consequently 


re) 
= ay (aay) = + naxv,+"-|, 
1 


E?® = n2o?x,+2"- 2F2, 
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If P and P, are the fractional errors of x and £1, respectively, we 
have 
Fi? narg, +2 n—2 


2 — eee See Ee 2 
. qe ay, Hen 1 
EH? 
vy 
Hence 


ie 
If we replace n by in the above argument, (80) becomes 
et 
L=ar, ™, 
and we find 


PZp. 
m 


Hence the fractional error of any integral or fractional power of 
a measured numeric is equal to the fractional error of the given 
numeric multiplied by the exponent of the power. 

If the given function is in the form of a continuous product 


X=aXi1XX2X +++ XXy 
(80) becomes i= Oy olen XK 2 
Hence 2a ate XXs XK +++ Ktg 
0X4 
Deore el 
and pean eer 
COC eee 
Hence, by (81), Sy Pe 
| egal OS NE epee ee 
Ae a Pee STEEy 
and, if P, P:, Pe, . . . , P, represent the fractional errors of the 
x’s with corresponding subscripts, 
P2=PP+PPi+---+P7. (83) 


Combining the above cases we obtain the more general rela- 
tion : ms 
xX = PG eae BoEX Ire ii a 6D es ms 

and the corresponding expression for (80) is 
zn No =k ng 
X= ary X We ae, eel aan fs 
Applying (82) to each factor separately and then applying (83) to 
the product, we find 
P? = nyP? + ngP -+ ngP3" + CO + (PAae (84) 


104 THE THEORY OF MEASUREMENTS _ [Arr. 62 


For the sake of illustration and to fix the ideas this result may 
be compared with the example of the preceding article. If we 


put c=V, 1=D, m=2, m=L, m=1, a=7) P = Py, 
P, = Pp, and P2 = Pz the above expression for « becomes 
V =i7D*L, 


and (84) becomes 
Pr =4Pp? + Py. 


Occasionally it is convenient to express the probable error in 
the form of a percentage of the measured magnitude. If # and 
p are respectively the probable and percentage errors of 2, 


p= 100% = 100P. (85) 

Consequently (84) may be written in the form 
P= ep oe tg Deane De, (84a) 
where pi, Pz, . . . , Pqare the percentage errors of 21,22, . . . » Xq 


respectively 


CHAPTER IX. 
ERRORS OF ADJUSTED MEASUREMENTS. 


WHEN the most probable values of a number of numerics 
Xi, X2,ete., are determined by the method of least squares, the 
results 21, 22,et¢c., are called adjusted measurements of the quan- 
tities represented by the X’s. In Chapter VII we have seen how 
the x’s come out by the solution of the normal equations (56) or 
(58), and how these equations are derived from the given obser- 
vations through the equations (53). In the present chapter we 
will determine the characteristic errors of the computed z’s in 
terms of the corresponding errors of the direct measurements on 
which they depend. 

63. Weights of Adjusted Measurements. — When there are ¢ 
unknowns and the given observations are all of the same weight, 
the normal equations, derived in article fifty, are 


[aa] x1 + [ab] x. + [ac] a3 + --- + [ap], = [as], 
[ab] X1 [oP] Xo a [bel X3 aime ~ + oP] f= bs), (56) 


(a 1 me (bp) 2 a. fl 3 a ar jaa Lq = re 

Since these equations are independent, the resulting values of the 
x’s will be the same whatever method of solution is adopted. In 
Chapter VII Gauss’s method of substitution was used on account 
of the numerous checks it provides. For our present purpose 
the method of indeterminate multipliers is more convenient as it 
gives us a direct expression for the x’s in terms of the measured 
s’s. Obviously this change of method cannot affect the errors of 
the computed quantities. 

Multiply each of equations (56) in order by one of the arbitrary 
quantities A,, Ao, ..., Ag and add the products. The result- 
ing equation is 

({aa] Ay + [ab] A2 + ++ +> + [ap] Aq) % 
=F (1a) Ay [bb] Ag+ + + Ps q) 2 
ET 9 ght alee ale seg ae ‘ (86) 
+ ([ap] Ai + [bp] A2 + --+> + (ppl Ag Lq 


[as] A; + [bs] Ao + +++ +[ps] A 
105 
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Since the A’s are arbitrary and g in number, they can be made to 
satisfy any q relations we choose without affecting the validity 
of equation (86). Hence, if we determine the A’s in terms of the 
coefficients in (56) by the relations 

[aa] Ai + [ab] Ag +--+ - + [ap] A, = 1, 

lab Ae [00 A oi iee + [bp] A, = 0, (87) 

[ap] Ay + op) Aga- «>> + lppl Aa = 0, 
equation (86) gives an expression for 2; in the form 

a1 = [as] A1 + [bs] A2 + -- - +[psl] Ag. (88) 


If we repeat this process g times, using a different set of multipliers 
each time, we obtain g different equations in the form of (86). 
In each of these equations we may place the coefficient of one of 
the z’s equal to unity and the other coefficients equal to zero, giv- 
ing g sets of equations in the form of (87) for determining the g sets 
of multipliers. Representing the successive sets of multipliers by 
A’s, B’s, C’s, etc., we obtain (88), and the following expressions 
for the other a’s: 


22 = [as|.Bi + [bs] Bo + - - - + [ps] B,, 

az = [as] Cy + [bs] Co+ +--+ + [ps] Ca, (88a) 
%q = [as] Pi + [bs] P2+ - ++ + [ps] Po. 

From equations (87), it is obvious that the A’s do not involve 


the observations s1, s2, ete. Consequently (88) may be expanded 
in terms of the observations as follows: 


Hy = 0181 + aeSe + ++ + + agSg, (89) 


where the a’s depend only on the coefficients in the observation 
equations (53) and are independent of the s’s._ Since we are con- 
sidering the case of observations of equal weight, each of the s’s 
in (89) is subject to the same mean error M,. Hence, if Mi is 
the mean error of 21, we have by equations (79), article fifty-nine, 
on Me ce Mt eo ae 
= [aa] M,?. : 

But, if wi is the weight of x; in comparison with that of a single s, 
we have by (86), article forty-four, 

Noor Me 


Wi M2 [aa] ’ (90) 
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since the ratio of the mean errors of two quantities is equal to the 
ratio of their probable errors. 
Comparing equations (88) and (89), with the aid of equations 
(55), article fifty, we see that 
ai = aA, = biAe se ee + piA,, 
a2 = d24; + beAo+--- + proA q, (i) 


an = GnA1 oe brAe + ge + prAg 
Multiply each of these equations by its a and add the products, 
then multiply each by its 6 and add, and so on until all of the 
coefficients have been used as multipliers. We thus obtain the 


q sums [aa], [ba], . . . , [pa], and by taking account of equations 


(87) we have 
[aa] = 1, 


a= eae t= [pal i= 0: 
Hence, if we multiply each of equations (i) by its a and add the 
products, we have 


(ii) 


laa] = A}. 
Consequently equation (90) becomes 
afte 1 
3 MS” A, 
The weights of the other x’s may be obtained, by an exactly 
similar process, from equations (88a). The results of such an 
_ analysis are as follows: 


W1 (91) 


Nig eel 
eee Be 
M? 1 

Os Sah tik Cie (91a) 
_Mé_ 1 
q MeN Ps 


Obviously the coefficients of the sums [as], [bs], etc., in equa- 
tions (88) and (88a) do not depend upon the particular method by 
which the normal equations are solved, since the resulting values 
of the x’s must be the same whatever method is used. Conse- 
quently, if the absolute terms [as], [bs], . . -, [ps] are kept in literal 
form during the solution of the normal equations by any method 
whatever, the results may be written in the form of equations 
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(88) and (88a); and the quantities Ai, B2, etc., will be numerical 
if the coefficients [aa], [ab], ... , [bd], . . . , [pp] are expressed 
numerically. 

Hence, in virtue of (91) and (91a), we have the following rule 
for computing the weights of the 2’s. 

Retain the absolute terms of the normal equations in literal 
form, solve by any convenient method, and write out the solution 
in the form 

a, = [as] A, + [bs] Ao + [cs] As + -- + +[ps] Ag, 
x2 = [as] Bi + [Os |:s2.1|¢s| be ets [ps] Ba 


te= as) Pap [Ds] Po ese alpen eo S| tae 
Then the weight of 2; is the reciprocal of the coefficient of [as] in 
the equation for x1, the weight of x2 is the reciprocal of the co- 
efficient of [bs] in the equation for x2, and in general the weight of 
2q is the reciprocal of the coefficient of [ps] in the equation for 24. 

As an aid to the memory, it may be noticed that the coefficients 
A1, Bo, C3, ... , Pg, that determine the weights, all lie in the 
main diagonal of the second members of the above equations. 
When the number of unknowns is greater than two, the labor of 
computing all of the A’s, B’s, etc., would be excessive, and conse- 
quently it is better to determine the z’s by the methods of Chap- 
ter VII. The essential coefficients Ai, Bs, C3, ..., Pq can be 
determined independently of the others by the method of deter- 
minants as will be explained later. 

If the given observations are not of equal weight, the weights 
of the z’s may be determined by a process similar to the above, 
starting with normal equations in the form of (58), article fifty. 
The result of such an analysis can be expressed by the rule stated 
above if we replace the sums [as], [bs], . . . , [ps] by the weighted 
sums [was], [wbs], . . . , [wps], the notation being the same as in 
article fifty. 3 

64. Probable Error of a Single Observation. — By definition, 
article thirty-seven, the mean error M, of a single observation i is 
given by the expression 

ey soe ae oes AY? AA] 


; meat (ii) 


where the A’s represent the true accidental errors of the s’s. 
When the number of observations is very great, the residuals given 
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by equations (54) may be used in place of the A’s without causing 
appreciable error in the computed value of M,. But, in most 
practical cases, n is so small that this simplification is not admis- 
sible and it becomes necessary to take account of the difference 
between the residuals and the accidental errors. 

Let wi, U2, ... , Ug represent the true errors of the 2’s ob- 
tained by solution of the normal equations (56). Then the true 
accidental error of the first observation is given by the relation 

Ay (1 + U1) + b1 (t2 + U2) + +> > + pr (%@q + Ug) — 81 = An. 
But, by the first of equations (54), 

Ait, + bite + ets +--+: + pitg—- 51 = 11, 
where 1; is the residual corresponding to the first observation. 
Combining these equations and applying them in succession to 
the several observations, we obtain the following expressions for 
the A’s in terms of the r’s: 
Ty + Gyi + bie + Crug + + + + + pig = At, 
T2 we A2uy ste bette + C23 ie! - + Polg = Ag, (iv) 


Tn ae Anti % bate + Cnls i > + Datlg = An. 
Multiply each of these equations by its r and add; the result is 
[rr] + [ar] ui + [br] we + [er] us + > + + + [pr] ug = [Ar]. 
But by equations (iii), article fifty, ; 

[ar] = [br] = [er] = -- - =[pr] = 0, (v) 
and, consequently, po eh 
Multiply each of equations (iv) by its A and add. Then, taking 
account of (vi), we have 

[rr] + [aA] wr + [A] ue + +++ +[pA]u,=[AA]. (vii) 

In order to obtain an expression for the w’s in terms of the A’s, 

multiply each of equations (iv) by its a and add, then multiply 

by the b’s in order and add, and so on with the other coefficients. 

The first term in each of these sums vanishes in virtue of (v), and 
we have 


[aa] u1 + [ab] we+ -- +> +[ap] ug = [aA], 
[ab] Ua + [oP] U2 sony (er lbp] ta ae, (viii) 


lacie U1 + bp] Ue ie: pas is Ug = Sra 
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These equations are in the same form as the normal equations (56) 
with the z's replaced by w’s and the s’s by A’s. Hence any solu- 
tion of (56) for the z’s may be transposed into a solution of (viii) 
for the u’s by replacing the s’s by A’s without changing the coeffi- 
cients of the s’s. Consequently, by (89), we have 


uy — ayA,+ atzA» Se OA ae AnAn; 
and similar expressions for the other w’s. 
The coefficients of the w’s in (vii) expand in the form 
[aA] = ayA; + a,Az-+4- -- +a,A, 
Hence 
[aA] Uh = aja,A? ae Arar 9? qe Se Onc; 

+ (diag + a1) AyAe + Sir oe (didn +-Gna1) AiA, qe Keo 
Since positive and negative A’s are equally likely to occur, the 
sum of the terms involving products of A’s with different subscripts 
will be negligible in comparison with the other terms. The sum 
of the remaining terms cannot be exactly evaluated, but a suffi- 
ciently close approximation is obtained by placing each of the A?’s 


equal to the mean square of all of them, aaa Consequently, as 
the best approximation that we can make, we may put 


[aA] 14 = faa] Al, 
But, by equations a), [aa] is equal to unity. Hence 
. a An _ [AA] 
n 
Since there is nothing in the foregoing argument that depends on 


the particular w chosen, the same result would have been obtained 
with any other wu. Consequently, in equation (vii), each term that 


[AA] 
nN 


involves one of the u’s must be equal to » and, since there 


are g such terms, the equation becomes 
Ee 
[rr] + ¢ —— = [AA]. 
Hence, by equation (iii), 
nM,? = [rr] + gM, 


Mee (age [rr] | (92) 


and 
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where the r’s represent the residuals, computed by equations (54); 
n is the number of observations ; and g is the number of unknowns 
involved in the observation equations (53). In the case of direct 
measurements, the number of unknowns is one, and (92) reduces 
to the form already found in article forty-one, equation (30), for 
the mean error of a single observation. 

When the observations are not of equal weight, the mean error 
M, of a standard observation, i.e. an observation of weight 
unity, is given by the expression 
wiA? + wes + >> - +w,A,? [wAA] 


n n 


M, = 


where the w’s are the weights of the individual observations. 
Starting with this relation in place of (ii) and making correspond- 
ing changes in other equations, an analysis essentially like the 
preceding leads to the result 
M,= =/ lu ate (93) 
aa. 

which reduces to the same form as (92) when the weights are all 
unity. 

Introducing the constant relation between the mean and probable 
errors, we have the expressions 


Hee o.674y/ aka (94) 
n—4q 


for the probable error of a single observation in the case of equal 
_ weights, and 
H,= 0.674/ ve, (95) 


for the probable error of a standard observation in the case of 


different weights. 

Finally, if Mz, Zz, and w, represent the mean error, the probable 
error, and the weight of 2, any one of the unknown quantities, 
we may derive the following relations from the above equations 
by applying equations (36), article forty-four: 


A ee yee 


ie E, _ 0.674 [rr] 
‘ V Wr V Wr n—q 


(96) 
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when the weights of the given observations are equal, and 
M, iL [wrr] 
= —=_- = = I 
V we V wp a Y| 
E, 0.674 , / [wrr] 
— —=_- = ——s ) 
V wi V wy TG J 
when the weights of the given observations are not equal. 
65. Application to Problems Involving Two Unknowns.— When 
the observation equations involve only two unknown quantities, 


the solution of the normal equations is given by (59), article 
fifty-one, in the form 


Mi 


(97) 
Ex 


a, — Wbllas] = [ab] [bs] 

+ “Taa] [bb] — [abP 
[aa] [bs] —-[ab] [as] 

[aa] [66] — [ab)? 
By the rule of article sixty-three, the weight of x; is equal to the 
reciprocal of the coefficient of [as] in the equation for x1, and the 
weight of x2 is equal to the reciprocal of the coefficient of [bs] in 
the equation for x2. Hence, by inspection of the above equations, 
we have 


to = 


_ [aa] [bb] — [abP? 


Wy, p) 
[00] 
anes tek 8) 
iy =S == 
ae 


Since there are only.two unknown quantities, and the observa- 
tions are of equal weight, equation (92) gives the mean error of a 
single observation when q is taken equal to two. Hence 


gles Yea (99) 


where n is the number of observation equations and [rr] is the 
sum of the squares of the residuals that are obtained when the 
computed values of x and a are substituted in equations (58a), 
article fifty-one. 

Combining equations (98) and (99) with (96), we obtain the 
following expressions for the probable errors of 2 and 22: 


Seed es [v7 
BA OSTEV Taal (Bb) = aoe me = 


v [aa] [rr} 
E, = 0.674 [aa] [bb] — [abe cae 


(100) 
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For the purpose of illustration, we will compute the probable 
errors of the values of 2; and x2 obtained in the numerical prob- 
lem worked out in article fifty-one. Referring to the numerical 
tables in that article, we find 

[aa] = 5; [ab] = 20; [bb] =90; n=5; 
[rr] = 9.60 10-. 


Hence, by equations (100), 


Ae 90 9.60 X 10 | 


a 5 9.60 X 10-4 | 
By = 0-674 ay ga = 0.0088. 


By equations (vi), article fifty-one, the length Lo of the bar at 
0° C., and the coefficient of linear expansion a are given by the 
relations 


ean 

10 Lo 

Since Lo is equal to x1 plus a constant, its probable error is equal 
to that of x, by the argument underlying equation (ii), article 
sixty. Hence 


Lo = 1000 +41; a= 


E,, = Hi: =+ 0.016. 
To find the probable error of a, we have by equations (81), article 


sixty, : ‘ P : 
yy as ee 
: i zs) ar (ar, Bx) 


ESE ed ee aL) 2 
7 = $ a Se ( 10 Lo” Et. 
But, since Ly is very large in comparison with 22, the second term 
on the right-hand side is negligible in comparison with the first. 
Consequently, without affecting the second significant figure of 
the result, we may put 
beg Wl: 
Ea = 10 t ite E 2. 
= FE, X 10-4 = + 0.038 X 10-5. 
Hence the final results of the computations in article fifty-one may 
be more comprehensively expressed in the form 
Lo = 1000.008 + 0.016 millimeters, 
a = (1.780 + 0.038) X 10-5, 
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when we wish to indicate the precision: of the observations on 
which they depend. 

66. Application to Problems Involving Three Unknowns.—The 
normal equations, for the determination of three unknowns, take 
the form . 
[aa] x1 + [ab] x2 + [ac] xs = [as], 
[ab] x1 + [bb] x2 + [be] xs = [bs], 
[ac] 21 + [bc] x2 + [cc] x3 = [es]. 


Solving by the method of determinants and putting 


[aa] [ab] [ac] 
[ab] [bb] [bc] | =D, 
[ac] [bc] [ec] 
we have 
[bb] [be] [be] [ec] [ab] [ac] 
fe fan Pal les + [bs| [ac] ANE 1 Lee [bc] 
[ac] [cc] [aa] [ac] [ab] [be] 
Peas [ab] [bc] be] fee 2155 [aa] [ac] (ix) 
[ab] [60] [ac] [bc] [aa] [ab] 
CNS fal Pe + [bs] oe Lt Tes] oa : 
~ Hence, by the rule of article ervinee: 
[6b] [cc] — [bel?’ 
= D 
2 = faa} (eel — [ack?” Be 
D 
W3 = 


[aa] [bb] — [ab 


The determinant D can be eliminated from equations (x), if 
we can obtain an independent expression for any one of the w’s. 
The solution of the normal equations by Gauss’s Method in 
article fifty-four led to the result 


[es « 2] 
ed BE) 


Arr. 66] ERRORS OF ADJUSTED MEASUREMENTS 115 


The auxiliary [cc +2] is independent of the absolute terms [as], 
[bs], and [cs]. The auxiliary [cs - 2] may be expanded as follows: 


[bc 1] 


Oe Ae aN easy Ce 
Ps a ee [ab] 
= [cs] [aa] [as] [bb P 1] [ s| = taal 


Hence the coefficient of [cs] in the above expression for 23 is 
i ; 
[eo 2]? and, consequently, the weight of x3 is equal to [cc- 2]. 


Substituting this value for w; in the third of equations (x) and 
eliminating D from the other two we have 


_ faa] [bb 1] 
1 = ib] [ec] — [be] bee * 2, 
w= on 


W3 = [cc+ 2], 


where the auxiliary quantities [bb+ 1], [cc+ 1], and [cc+-2] have the 
same significance as in article fifty-four. 

The weights of the z’s having been determined by equations 
(101), their probable errors may be computed by equations (96). 
In the present case q is taken equal to three, since there are three 
unknowns, and the r’s are given by equations (68). 

In the numerical illustration of Gauss’s Method, worked out in 
article fifty-five, we found the following values of the quantities 
appearing in equations (96) and (101): 

[aa] = 6; [bb] = 220; [bc] = 180; [cc] 
[bb- 1] = 70; [cc-1] = 76.0; [cc+ 2] = 
[rr] = 0.00120; n= 6; g=3. 


These values have been rounded to three significant figures, when 
necessary, since the probable errors of the x’s are desired to only 
two significant figures. Substituting in equations (101) we have 


ee ES seed 17; 


220 X 157 — 180° 


70 
76.0 9! = 9:00; 


W3 a 5.97, 


= 157 
5.97; 


W2 = 
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From equation (94) 
E, = 0.674 _— = + 0.0135} 


and, by equations (96), 
0.0135 
= ——= =+ 0.012, 
* SAL 


0.0135 

ote ee  OL0057 

2 75.50 : 
0.0135 


Fi ee) 0G 5: 
Bnty/ 5.07, 


Consequently the precision of the measurements, so far as it 
depends on accidental errors, may be expressed by writing the 
computed values of the z’s in the form 

41 = 0.245 + 0.012, 

22 = — 1.0003 + 0.0057, 

3 = 1.4022 + 0.0055. 


Since the last significant figure in each of the x’s occupies the same 
place as the second significant figure in the corresponding prob- 
able error, it is evident that the proper number of figures were 
retained throughout the computations in article fifty-five. 


CHAPTER X. 
DISCUSSION OF COMPLETED OBSERVATIONS. 


67. Removal of Constant Errors. — The discussion of acci- 
dental errors and the determination of their effect on the result 
computed from a given series of observations, as carried out in the 
preceding chapters, are based on the assumption that the meas- 
urements are entirely free from constant errors and mistakes. 
Hence the first matter of importance, in undertaking the reduction 
of observations, is the determination and removal of all constant 
errors and mistakes. Also, in criticizing published or reported 
results, judgment is based very largely on the skill and care with 
which such errors have been treated. In the former case, if suit- 
able methods and apparatus have been chosen and the adjust- 
ments of instruments have been properly made, sufficient data is 
usually at hand for determining the necessary corrections within 
the accidental errors. In the latter case we must rely on the dis- 
cussion of methods, apparatus, and adjustments given by the 
author and very little weight should be given to the reported 
measurements if this discussion is not clear and adequate. 

No evidence can be obtained from the observations themselves 
regarding the presence or absence of strictly constant errors. 
The majority of them are due to inexact graduation of scales, 
imperfect adjustment of instruments, personal peculiarities of the 
observer, and faulty methods of manipulation. They affect all 
of the observations by the same relative amount. Their detec- 
tion and correction or elimination depend entirely on the judg- 
ment, experience, and care of the observer and the computer. 
When the same magnitude has been measured by a number of 
different observers, using different methods and apparatus, the 
probability that the constant errors have been the same in all of 
the measurements is very small. Consequently if the corrected 
results agree, within the accidental errors of observation, it is 
highly probable that they are free from constant errors. This is 
the only criterion we have for the absence of such errors and it 

ile 
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breaks down in some cases when the measured magnitude is not 
strictly constant. 

Sometimes constant errors are not strictly constant but vary 
progressively from observation to observation owing to gradual 
changes in surrounding conditions or in the adjustment of instru- 
ments. The slow expansion of metallic scales due to the heat 
radiated from the body of the observer is an illustration of a 
progressive change. Such variations are usually called systematic 
errors. They may be corrected or eliminated by the same methods 
that apply to strictly constant errors when adequate means are 
provided for detecting them and determining the magnitude of 
the effects produced. When their range in magnitude is compara- 
ble with that of the accidental errors, their presence can usually be 
determined by a critical study of the given observations and their 
residuals. But, if they have not been foreseen and provided for 
in making the observations, their correction is generally difficult 
if not impossible. In many cases our only recourse is a new series 
of observations taken under more favorable conditions and accom- 
panied by adequate means of evaluating the systematic errors. 

A general discussion of the nature of constant errors and of the 
methods by which they are eliminated from single direct observa- 
tions was given in Chapter III. These processes will now be con- 
sidered a little more in detail and extended to the arithmetical 
mean of a number of direct observations. Let a1, dz, a3, . . . , Gn 
represent a series of direct observations after each one of them 
has been corrected for all constant errors. Then the most prob- 
able value that can be assigned to the numeric of the measured 
magnitude is the arithmetical mean 


Pei sO? oleate ee (i) 
n 
Now suppose that the actual uncorrected observations are 01, 02, 
Oi) ) i On, ten 
a) = 01 +e +e" + oy!” +--+ +e, = 0; + [ei], 
g Ericae a eae hes Betis = ee I (ii) 
= On oF Oss oe onl! =- Cn be se ae o,f cs se lea, 
where He. c’s represent the constant errors to be eliminated and 
may be either positive or negative. There are as many c’s in 
each equation as there are sources of constant error to be consid- 
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ered. Usually, when all of the observations are made by the 
same method and with equal care, the number of c’s is the same 
in all of the equations. Substituting (ii) in (i) 

Oi.toot-:-: i" ace 
= ag 2 == O 2 [el + [c2| + —- [en] (iii) 


n n 


x 


When there are no systematic errors 


fees , 
Cj =Cz =¢C; =--:+ =¢,' =, 


Ad 


C1 —= Cs = Cy = + Go = ¢, 


I 
Il 
i) 
3 
= 
S 
I 
is) 
= 
& 


C16) = co) = ¢3(9 
Consequently 
[ex] = [eo] = [es] = - + - = [en] = [el], (iv) 


and we have 


= Ea at: ta eel 


=odmte +c" +ce"+4+ +--+ +c, (102) 
where on» is written for the mean of the actual observations. 
Hence, when all of the observations are affected by the same con- 
stant errors, the corrections may be applied to the arithmetical 
- mean of the actual observations and the resulting value of x will 
be the same as if the observations were separately corrected before 
taking the mean. 

The residuals corresponding to the corrected observations ai, 
2, 23, . . « » Om are given by equations (3), article twenty-two. 
Replacing x and the a’s by their values in terms of 0, and the 
0’s as given in (102) and (ii), and taking account of (iv), equations 
(3) become 

1 = d1— £ = 01+ [e:] — Om — [ce] = 01 — On, 
To = Az— X= 02 + [co] — Om — [c] = 02 — Om, (103) 


In = On — & = 0n + [Cn] — Om — [ec] = On — Om. 
Consequently, when there are no systematic errors, the residuals 
computed from the o’s and 0, will be identical with those com- 
puted from the a’s and z. Hence, if the uncorrected observations 
are used in computing the probable error of x, by the formula 


\/ [rr] 
E = 0.674 raed), 
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the result will be the same as if the corrected observations had 
been used; and, as pointed out above, the observations and their 
corresponding residuals give no evidence of the presence of strictly 
constant errors. 

When the constant errors affecting the different observations 
are different or when any of them are systematic in character, 
equation (iv) no longer holds, and, consequently, the simplifica- 
tion expressed by (102) is no longer possible. In the former case 
the observations should be individually corrected before the mean 
is taken. The same result might be obtained from equation (iii), 
but the computation would not be simplified by its use. In the 
latter case the several observations are affected by errors due to 
the same causes but varying progressively in magnitude in response 
to more or less continuous variations in the conditions under 
which they are made. 

In equations (ii) the c’s having the same index may be con- 
sidered to be due to the same cause, but to vary in magnitude 
from equation to equation as indicated by the subscripts. The 
arithmetical means of the errors due to the same causes are 


fee es ee ee 
— ? 


m™m 


n 
eC ake Coat ge tenet Ga 
Cn = a ? 
(ies C1 + (9 25 cee bt Ca 
Cm oo ’ 


n 


and the mean of the observations is 


EROt te Obes Seen + On, 


n 


On 


Substituting (ii) in (i) and taking account of the above relations 


we have 
v= Om + (oa + Crh aie scae'g ait COE (104) 


Hence, in the case of systematic errors, the most probable value 
of the numeric of the measured magnitude may be obtained from 
the mean of the uncorrected observations by applying mean cor- 
rections for the systematic errors. When all of the errors are 
strictly constant equation (104) becomes identical with (102) 
because all of the errors having the same index are equal. Obvi- 
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ously it also holds when part of the c’s are strictly constant and the 
remainder are systematic. 

If we use the value of x given by (104) in place of that given 

. by (102) in the residual equations (103), the c’s will not cancel. 
Hence, if any of the constant errors are systematic in nature, the 
residuals computed from the o’s and o, will be different from 
those computed from the a’s and x; and, consequently, they will 
not be distributed in accordance with the law of accidental errors. 

In practice it is generally advisable to correct each of the ob- 
servations separately before taking the mean rather than to use 
equation (104), since the true residuals are required in computing 
the probable error of x, and they cannot be derived from the un- 
corrected observations. Whenever possible the conditions should 
be so chosen that systematic errors are avoided and then the 
necessary computation can be made by equations (102) and (103). 

68. Criteria of Accidental Errors. — We have seen that the 
residuals computed from observations affected by systematic errors 
do not follow the law of accidental errors. Hence, if it can be 
shown that the residuals computed from any given series of obser- 
vations are distributed in conformity with the law of errors, it is 
probable that the given observations are free from systematic 
errors or that such errors are negligible in comparison with the 
accidental errors. Observations that satisfy this condition may 
or may not be free from strictly constant errors, but necessary 
corrections can be made by equation (102) and the probable error 
of the mean may be computed from the residuals given by 
equation (103). 

Systematic errors should be very carefully guarded against in 
making the observations, and the conditions that produce them 
should be constantly watched and recorded during the progress 
of the work. After the observations have been completed they 
should be individually corrected for all known systematic errors 
before taking the mean. The strictly constant errors may then 
be removed from the mean, but before this is done it is well to 
compute the residuals and see if they satisfy the law of accidental 
errors. If they do not, search must be made for further causes 
of systematic error in the conditions surrounding the measure- 
ments and a new series of observations should be made, under 
more favorable conditions, whenever sufficient data for this pur- 
pose is not available. 
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Residuals, when sufficiently numerous, follow the same law of 
distribution as the true accidental errors. Consequently system- 
atic errors and mistakes might be detected by a direct comparison 
of the actual distribution with the theoretical, as carried out in 
article thirty-four, provided the number of observations is very 
large. However, in most practical measurements, the residuals 
are not sufficiently numerous to fulfill the conditions underlying 
the law of errors, and a considerable difference between their 
actual and theoretical distribution is quite as likely to be due to 
this fact as to the presence of systematic errors. Whatever the 
number of observations, a close agreement between theory and 
practice is strong evidence of the absence of such errors but it is 
seldom worth while to carry out the comparison with less than 
one hundred residuals. 

When the residuals are numerous and distributed in the same 
manner as the accidental errors, the average error of a single © 
observation, computed by the formula 


[7] 


Vn (n — De 
and the mean error, computed by the formula 


M =4.253 A. 


satisfy the relation 


Also the formule 
‘EH = 0.8453A and E = 0.6745 M 


give the same value for the probable error of a single observation. 
When the number of observations is limited, exact fulfillment of 
these relations ought not to be expected, but a large deviation 
from them is strong evidence of the presence of systematic errors 
or mistakes. Unless the number of observations is very small, 
ten or less, the relations should be fulfilled within a few units in 
the second significant figure, as is the case in the numerical example 
worked out in article forty-two. 

Obviously the arithmetical mean is independent of the order 
in which the observations are arranged in taking it, but the order 
of the residuals in regard to sign and magnitude depends on the 
order of the observations. When there are systematic errors and 
the observations are arranged in the order of progression of their 
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cause, the residuals will gradually increase or decrease in absolute 
magnitude in the same order; and, if the systematic errors are 
large in comparison with the accidental errors, there will be but 
one change of sign in the series. Thus, if the temperature, is 
gradually rising while a length is being measured with a metallic 
scale and the observations are arranged in the order in which they 
are taken, the first half of them will be larger than the mean and 
the last half smaller, except for the variations caused by accidental 
errors. or the purpose of illustration, suppose that the observa- 
tions are 

1001.0; 1000.9; 1000.8; 1000.7; 1000.6; 1000.5; 1000.4. 
The mean is 1000.7 and the residuals 


Soe ee ele i ek 2 8 


decrease in absolute magnitude from left to right, i.e., in the order 
in which the observations were made. There are five cases in 
which the signs of succeeding residuals are alike and one in which 
they are different; the former cases will be called stgn-follows and 
thejlatter a sign-change. This order of the residuals in regard to 
magnitude and sign is typical of observations affected by sys- 
tematic errors when they are arranged in conformity with the 
changes in surrounding conditions. Since such changes are usually 
continuous functions of the time, the required arrangement is 
generally the order in which the observations are taken. 

Such extreme cases as that illustrated above are seldom met 
with in practice owing to the impossibility of avoiding accidental 
errors of observation and the complications they produce in the 
sequence of residuals. Generally the systematic errors that are 
not readily discovered and corrected before making further re- 
ductions are comparable in magnitude with the accidental errors. 
Consequently they cannot control the sequence in the signs of 
the residuals but they do modify the sequence characteristic of 
true accidental errors. 

In any extended series of observations there should be as many 
negative residuals as positive ones, since positive and negative 
errors are equally likely to occur. After any number of observations 
have been made, the probability that the residual of the next obser- 
vation will be positive is equal to the probability that it will be nega- 
tive, since the possible number of either positive or negative errors 
is infinite. Consequently the chance that succeeding residuals 
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will have the same sign is equal to the chance that they will have 
different signs. Hence, if the residuals are arranged in the order 
in which the corresponding observations were made, the number 
of sign-follows should be equal to the number of sign-changes. 

The residuals, computed from limited series of observations, 
seldom exhibit the theoretical sequence of signs exactly because 
they are not sufficiently numerous to fulfill the underlying condi- 
tions. Nevertheless, a marked departure from that sequence 
suggests the presence of systematic errors or mistakes and should 
lead to a careful scrutiny of the observations and the conditions 
under which they were made. If the disturbing causes cannot be 
detected and their effects eliminated, it is generally advisable to 
repeat the observations under more favorable conditions. The 
numerical example, worked out in article forty-two, may be cited 
as an illustration from practice. The observations were made in 
the order in which they are tabulated, beginning at the top of the 
first column and ending at the bottom of the fourth column. In 
the second and fifth columns we find ten positive and ten negative 
residuals. The number of sign-follows is ten and the number of 
sign-changes is nine. This is rather better agreement with the 
theoretical sequence of signs than is usually obtained with so few 
residuals. It indicates that the observations were made under 
favorable conditions and are sensibly free from systematic errors 
but it gives no evidence whatever that strictly constant errors - 
are absent. 

Although the foregoing criteria of accidental errors are only 
approximately fulfilled when the number of observations is lim- 
ited, their application frequently leads to the detection and elimi- 
nation of unforeseen systematic errors. The first method is rather 
tedious and of little value when less than one hundred obser- 
vations are considered, but the last two methods may be easily 
carried out and are generally exact enough for the detection of 
systematic errors comparable in magnitude with the probable error 
of a single observation. 

69. Probability of Large Residuals. — In discussing the dis- 
tribution of residuals in regard to magnitude, the words large and 
small are used in a comparative sense. A large residual is one that 
is large in comparison with the majority of residuals in the series 
considered. Thus, a residual that would be classed as large in a 
series of very precise observations would be considered small in 
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dealing with less exact observations. Consequently, in expressing 

the relative magnitudes of residuals, it is customary to adopt a 
unit that depends on the precision of the measurements considered. 
The probable error of a single observation is the best magnitude 
to adopt for this purpose, since it is greater than one-half of the 
errors and less than the other half. If we represent the relative 
magnitude of a given error by S, the actual magnitude by A, and 
the probable error of a single observation by E, 


A 
S= om (105) 
The relative magnitudes of the residuals may be represented in 
the same way by replacing the error A by the residual r. It is 
obvious that values of S less than unity correspond to small re- 
siduals and values greater than unity to large residuals in any 
series of observations. 
In equation (13), article thirty-three, the probability that an 
error chosen at random is less than a given error A is expressed 
by the integral 


9 Vaio 
k 
ee f e-" dt, 13 
eae (13) 
Equation (25), article thirty-eight, may be put in the form 
Bik 
ie ae 
Vor (23) 


where @ is written for the numerical constant 0.47694. Hence, 
introducing (105), 


i B cs BS 
Ma paige iA? 
and (13) becomes ; 
pees ili th (106) 
Varo 


Obviously this integral expresses the probability that an error 
chosen at random is less than S times the probable error of a 
single observation. It is independent of the particular series to 
which the observations belong and its values, corresponding to 
a series of values of the argument S, are given in Table XII. 
Since all of the errors in any system are less than infinity, P. 
is equal to unity. Hence the probability that a single error, 
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chosen at random, is greater than S times £ is given by the rela- 
tion 
Q.=1—P.. (v) 
Now the residuals, when sufficiently numerous and free from 
systematic errors and mistakes, should follow the same distri- 
bution as the accidental errors. Hence, if n, is the number of 
residuals numerically greater than SH and N is the total number 
in any series of observations, we should have 
Qs = (vi) 
Since the numerical value of P,, and consequently that of Q, 
depends only on the limit S and is independent of the precision 
Ns 
N ) 
corresponding to any given limit S, should be the:same in all 
cases. Consequently, if N observations have been made on any 
magnitude and by any method whatever, 7, of them should corre- 
spond to residuals numerically greater than SH. Conversely, if 
we assign any arbitrary number to n,, equation (vi) defines the 
number of observations that we should expect to make without 
exceeding the assigned number of residuals greater than SE. 
Hence, if N, is the number of observations among which there 
should be only one residual greater than S times the probable 
error of a single observation, we have, by placing n, equal to 
one in (vi), and substituting the value of Q, from (v), 
ll 1 
ie a Q; = i as P, 
The fourth column of the following table gives the values of N,, 
to the nearest integer, corresponding to the integral values of the 
limit S given in the first column. The values of P, in the second 
column are taken from Table XII, and those of Q, in the third 
column are computed by equation (v). 


of the particular series of measurements considered, the ratio 


(107) 


Ps Q 


0.50000 0.50000 
0.82266 0.17734 
0.95698 0.04302 
0.99302 0.90698 
0.99926 0.00074 
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To illustrate the significance of this table, suppose that 143 
direct observations have been made on any magnitude by any 
method whatever. The probable error E of a single observation 
in this series may be computed from the residuals by equation (31) 
or (34). Then, if the residuals follow the law of errors, not more 
than one of them should be greater than four times as large as E. 
If the number of observations had been 1351, we should expect 
to find one residual greater than five times EZ, and on the other 
hand if the number had been only twenty-three, not more than 
one residual should be greater than three times £. 

Although the probability for the occurrence of large residuals 
is small, and very few of them should occur in limited series 
of observations, their distribution among the observations, in 
respect to the order in which they occur, is entirely fortuitous. 
A large residual is as likely to occur in the first, or any other, 
observation of an extended series as in the last observation. Con- 
sequently the limited series of observations, taken in practice, 
frequently contain abnormally large residuals. This is not due 
to a departure from the law of errors, but to a lack of sufficient 
observations to fulfill the theoretical conditions. In such cases 
there are not enough observations with normal residuals to balance 
those with abnormally large ones. Consequently a closer approxi- 
mation to the arithmetical mean that would have been obtained 
with a more extended series of observations is obtained when the 
abnormal observations are rejected from the series before taking 
the mean. 

Observations should not be rejected simply because they show © 
large residuals, unless it can be shown that the limit set by the 
theory of errors, for the number of observations considered, is 
exceeded. This can be judged approximately by comparing the 
residuals of the given observations with the numbers given in the 
first and last columns of the above table, but a more rigorous test 
is obtained by applying Chauvenet’s Criterion, as explained in the 
following article. 

70. Chauvenet’s Criterion. — The probability that the error 
of a single observation, chosen at random, is less than SH is 
expressed by P; in equation (106). Now, the taking of N inde- 
pendent observations is equivalent to NV selections at random from 
the infinite number of possible accidental errors. Hence, by 
equation (7), article twenty-three, the probability that each of 
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the N observations in any series is affected by an error less than 
SE isequal to P.¥. Since all of the N errors must be either greater 
or less than SE, the probability that at least one of them is greater 
than this limit is equal to 1 — P,¥. Placing this probability 
equal to one-half, we have 

1—Py= 


nie 


’ 
or 


(vii) 


Aa he 


Pes) 


If the limit S is determined by this equation, there’ is an even 
chance that at least one of the N observations is affected by an 
error greater than SH. 

Expanding the second member of (vii) by the Binomial Theorem 


1 : 
(1-3) =1-53- S  - ee 
2) oo) TN tl 2 Ned 1+-2-3-N8 8 
ee Nia) rN pene (RNA is 
152 63 eae K-N= 3) 


The terms of this series decrease very rapidly and all but the first 
are negative. Consequently the sum of the terms beyond the 
second is small in comparison with the other two; and, whatever 


as 
the value of N, (1 — 4)" is nearly equal to, but always slightly 
(2.N — 1) 
DN fats 
T determined by the relation 


less than, Since P, and S increase together, the limit 


ZN al 


2 aang 


(108) 


is slightly greater than the limit S determined by (vii). Hence, 
if N independent direct observations have been made, the prob- 
ability against the occurrence of a single error greater than 


A, =TE (109) 


is greater than the probability for its occurrence. Consequently, 
if the given series contains a residual greater than Av, the prob- 
able precision of the arithmetical mean is increased by excluding 
the corresponding observation. 
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Equations (108) and (109) express Chauvenet’s Criterion for the 
rejection of doubtful observations. In applying them, the prob- 
able error H of a single observation is first computed from the 
residuals of all of the observations by either equation (31) or the 
first of equations (34) with the aid of Table XIV or XV. If any 
of the residuals appear large in comparison with the computed 
value of E, Pr is determined from (108) by placing N equal to 
the number of observations in the given series. 7’ is then obtained 
by interpolation from Table XII, and finally Ay is computed by 
(109). If one or more of the residuals are greater than the com- 
puted A+7, the observation corresponding to the largest of them is 
excluded from the series and the process of applying the criterion is 
repeated from the beginning. If one or more of the new residuals 
are greater than the new value of A7, the observation correspond- 
ing to the largest of them is rejected. This process is repeated 
and observations rejected one at a time until a value of A? is ob- 
tained that is greater than any of the residuals. 

When more than one residual is greater than the computed 
value of A,;, only the observation corresponding to the largest 
of them should be rejected without further study. The rejection 
of a single observation from the given series changes the arith- 
meticel mean, and hence all of the residuals and the value of H 
computed from them. If r and 7’ are the residuals corresponding 
to the same observation before and after the rejection of a more 
faulty observation, and if Ap and A,’ are the corresponding 
limiting errors, it may happen that 7’ is less than Az’, although r 
is greater than Ap. Hence the second application of the criterion 
may show that a given observation should be retained notwith- 
standing the fact that its residual was greater than the limiting 
error in the first application, provided an observation with a 
larger residual was excluded on the first trial. 

To facilitate the computation of Az, the values of 7 corre- 
sponding to a number of different values of N have been 
interpolated from Table XII and entered in the second column 
of Table XIII. 

For the purpose of illustration, suppose that ten micrometer 
settings have been made on the same mark and recorded, to the 
nearest tenth of a division of the micrometer head, as in the first 


column of the following table. 
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+0.0118 


+0.0051 
-+0.0021 
—0.0019 
—0.0029 
—0.0009 
+0.0011 
—0.0059 
+0.0001 
+0.0031 


[7] = 0.0231 
E’ = 0.0023 
T! =2.84 

Ar’ = 0.0065 


The residuals, computed from the mean a, are given under r. 
The probable error H, computed from [7] by the first of equations 
(34), with the aid of Table XV, is 0.0032. The value of T corre- 
sponding to ten observations is 2.91 from Table XIII, and the 
limiting error Avr is equal to 0.0093. Since this is less than the 
residual 0.0118, the corresponding observation (2.567) should be 
rejected from the series. 

The mean of the retained observations, x1’, is 2.5539, and the 
corresponding residuals are given under 7’ in the third column of 
the above table. The new value of the limiting error (A7’), com- 
puted by the same method as above, is 0.0065. Since none of 
the new residuals are larger than this, the nine observations left 
by the first application of the criterion should all be retained. 

71. Precision of Direct Measurements. — The first step in 
the reduction of a series of direct observations is the correction 
of all known systematic errors and the test of the completeness of 
this process by the criteria of article sixty-eight. In general, the 
systematic errors represent small variations of otherwise constant 
errors; and, in making the preliminary corrections, it is best to 
consider only this variable part, i.e., the corrections are so applied 
that all of the corrected observations are left with exactly the 
same constant errors. Thus, suppose that the temperature of a 
scale is varying slowly during a series of observations, and is 
never very near to the temperature at which the scale is standard. 
It is better to correct each observation to the mean temperature 
_ of the scale and leave the larger correction, from mean to standard 
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temperature, until it can be applied to the arithmetical mean in 
connection with the corrections for other strictly constant errors. 
This is because the systematic variations in the length of the 
scale are so small that the unavoidable errors in the observed 
temperatures and the adopted coefficient of expansion of the scale 
can produce no appreciable effect on the corrections to mean 
temperature. The effect of these errors on the larger correction 
from mean to standard temperature is more simply treated in 
connection with the arithmetical mean than with the individual 
observations. 

Let 01, 02, ... , On represent a series of direct observations 
corrected for all known systematic errors and satisfying the 
criteria of accidental errors. We have seen that the most prob- 
able value that we can assign to the numeric of the measured mag- 
nitude, on the basis of such a series, is given by the relation 


£=Omte +e7+ +--+ +c, (102) 


where 0,, is the arithmetical mean of the o’s, and the c’s represent 
corrections for strictly constant errors. If the c’s could be deter- 
mined with absolute accuracy, or even within limiting errors that 
are negligible in comparison with the accidental errors of the o’s, 
the only uncertainty in the above expression for x would be that 
due to the accidental error of 0,. Hence, by equations (103), if 
E, and E, are the probable errors of x and o,, respectively, we 
should have 


E, = Em = 0.674 \/ : fn (110) 


m—1) 
If we follow the usual practice and regard the probable error of a 
quantity as a measure of the accidental errors of the observations 
from which it is directly computed, equation (110) still holds 
when the accidental errors of the c’s are not negligible; but, as we 
shall see, H, is no longer a complete measure of the precision of x 
in such cases. 

In practice each of the c’s must be computed, on theoretical 
grounds, from subsidiary observations with the aid of physical 
constants that have been previously determined by direct or 
indirect measurements. For the sake of brevity the quantities 
on which the c’s depend will be called correction factors. Since all 
of them are subject to accidental errors, the computed c’s are 
affected by residual errors of indeterminate sign and magnitude. 
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When the probable errors of the correction factors are known the 
probable errors of the c’s may be computed by the laws of propa- 
gation of errors with the aid of the correction formule by which 
the c’s are determined. 

Equation (102) gives x as a continuous sum of 0, and the c’s. 
Consequently, if we represent the probable errors of the c’s by 
E,, Eo, ... , Eq, respectively, we have by equation (76), article 
fifty-eight, 

R2Z= Ee +HP+- +: +#, (111) 


where R, is the resultant probable error of x due to the correspond- 
ing errors of 0m and the c’s. To distinguish R, from the probable 
error E,, which depends only on the accidental error of Om, we 
shall call it the precision measure of x. 

Although equation (111) is simple in form, the separate compu- 
tation of the H’s, from the errors of the correction factors on which 
they depend, is frequently a tedious process. Moreover several 
of the c’s may depend on the same determining quantities. Con- 
sequently the computation of x and R, is frequently facilitated by 
bringing the correction factors into the equation for x explicitly, 
rather than allowing them to remain implicit in the c’s. Thus, 


if a, B, ..., p represent the correction factors on which the c’s 
depend, equation (102) may be put in the form 
Bi HN OM, ive me pe (112) 


Hence, by equation (81), article sixty, 


oF 2 ¥ 
Ra= (5B) + (5 Ba) +--+ +(S°,), (113) 


where E., Eg, etc., are the probable errors of a, 8, etc. 

For example, suppose that on represents the mean of a num- 
ber of observations of the distance between two parallel lines 
expressed in terms of the divisions of the scale used in making 
the measurements. Let ¢t; represent the mean temperature of the 
scale during the observations; LZ the mean length of the scale 
divisions at the standard temperature f, in terms of the chosen 
unit; a the coefficient of expansion of the scale; and 8 the angle 
between the scale and the normal to the lines. Then, if the 
individual observations have been corrected to mean temperature 
t, before computing the mean observation 0m, the best approxima- 
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tion that we can make to the true distance between the lines is 
given by the expression 


= Onl §1 i, — 

} Oa a ( 1 to)? —— cos a 
in which the correction factors L, a, B, t1, and to appear explicitly | 
as in the general equation (112). A more detailed discussion of 
this example will be found in article seventy-three. 


If we represent the separate effects of the errors Em, Ea, ... : 


ey eonmUnercrlor lta DY Dn, Da, Dg... ... Dp, respectively, we 
have 
Dn = 2 Bn: De= = By ee D, = 5-Ey (114) 
and (113) becomes 
Ri? = Dr? + Do? + Dg? + + > = + D,?. (115) 
In some cases the fractional effects 


ee een 2 re he Dae 
wv wv 


can be more easily computed numerically than the corresponding 
D’s. When this occurs, the fractional precision measure 


p= fet _ eRe (116) 
F2 ee p 


is first computed and then R, is determined by the relation 
Re=9 Ps (117) 


While equations (112) to (117) are apparently more complicated 
than (102) and (111), they generally lead to more simple numerical 
computations. Moreover the probable errors of some of the 
correction factors are frequently so small that they produce no 
appreciable effect on R, When either equation (115) or (116) is 
used, such cases are easily recognized because the corresponding 
D’s or P’s are negligible in comparison with Dn or Pm. Obvi- 
ously the same condition applies to the H’s in equation (111), but 
the numerical computation of either the D’s or the P’s is generally 
more simple than that of the Z’s in (111) because approximate 
values of om and the correction factors may be used in evaluat- 
ing the differential coefficients in (114). The allowable degree of 
approximation, the limit of negligibility of the D’s, and some other 
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details of the computation will be discussed more extensively 
in the next article. 

If the true numeric of the measured magnitude is represented 
by X, the final result of a series of direct measurements may be 
expressed in the form 

X=cr+R,, (118) 
where x is the most probable value that can be assigned to X on 
the basis of the given observations, and R, is the precision measure 
of x. In practice x may be computed by either equation (102) 
or (112), or the arithmetical mean of the individually corrected 
observations may be taken, and R; is given by equations (111), 
(115), or (117), the choice of methods depending on the nature 
of the given data and the preference of the computer. 

The exact significance of equation (118) should be carefully 
borne in mind, and it should be used only when the implied condi- 
tions have been fulfilled. Briefly stated, these conditions are as 
follows: 

1st. The accidental errors of the observations on which 2x 
depends follow the general law of such errors. 

2nd. <A careful study of the methods and apparatus used has 
been made for the purpose of detecting all sources of constant 
or systematic errors and applying the necessary corrections. 

3rd. The given value of x is the most probable that can be 
computed from the observations after all constant errors, system- 
atic errors, and mistakes have been as completely removed as 
possible. 

4th. The resultant effect of all sources of error, whether acci- 
dental errors of observation or residual errors left by the correc- 
tions for constant errors, is as likely to be less than R, as greater 
than R,. 

The expressions in the form X = x -+ E£,, used in preceding 
chapters, are not violations of the above principles because, in 
those cases, we were discussing only the effects of accidental 
errors and the observations were assumed to be free from all con- 
stant errors and mistakes. Such ideal conditions never occur in 
practice. Consequently R, should not be replaced by E, in 
expressing the result of actual measurements in the form of equa- 
tion (118), unless it can be shown by equation (115), and the given 
data that the sum of the squares of the D’s corresponding to all 
of the correction factors is negligible in comparison with D,,?. 
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In the latter case H, and R, are identical as may be easily seen 
by comparing equations (110), (111), and (115). 
72. Precision of Derived Measurements. — When a desired 


numeric Xo is connected with the numerics Xi, Xo, ..., X, 
of a number of directly measured magnitudes by the relation 
Agel! Chae Noes te my A 6) 


the most probable value that we can assign to Xo is given by the 
expression 

tv = Ete Ua, ge 2 2 x3). (119) 
where the 2’s are the most probable values of the X’s with corre- 
sponding subscripts. Each of the component 2’s, together with 
its precision measure, can be computed by the methods of the pre- 
ceding article. The precision measure of 2 may be computed 
with the aid of equation (81), article sixty, by replacing the H’s in 
that equation by the R’s with corresponding subscripts. 

Sometimes the numerical computations are simplified and the 
discussion is clarified by bringing the direct observations and the 
correction factors explicitly into the expression for %. If 0a, 
0, . . - » Op are the arithmetical means of the direct observa- 
tions, after correction for systematic errors, on which 21, %, ... , 
Zq respectively depend, and a, $,..., p are the correction 
factors involved in the constant errors of the observations, equa- 
tion (119) may be put in the form 

Liceeed ORs ne SO OO el FED (120) 
The function @ is always determinable when the function F in 
(119) is given and the correction formule for the constant errors 
are known. 

Representing the precision measure of % by Mo, and adopting 
an obvious extension of the notation of the preceding article, we 
have, by equation (81), 

00 7, \ 06 7, \’, (98 i nae (32,) 121 
re = (2 z.) mpl se +(5° 2) +(5o Be a 19 Opmie/ a 2) 
Introducing the separate effects of the H’s, 
a0 St ee AN oes 
Da= a Bai see's ar Da= 50 Ha’ ee Di =a ho, (122) 
(121) becomes 
Re = De + De? + +++ +DP+D!+ De? + +++ + DP. (128) 
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The fractional effects of the #’s are 


pee epee pol eee 


Xo : Xo Xo Xo 


and the fractional precision measure of 2 is given by the relation 


2 
Ppa *S =P2+PE+: --+P2+P2-+ Pe +--+ PZ, (124) 

0 
When the numerical computation of the P’s is simpler than that 
of the D’s, Po is first computed by equation (124) and then Ro 


is determined by the relation 
Ro = tPo. (125) 


The expression of the final result of the observations and com- 


putations in the form 
Xo = %t Ro 


has exactly the same significance with respect to Xo, %, and Ro 
that (118) has with respect to X, xz, and R,. It should not be 
used until all of the underlying conditions have been fulfilled as 
pointed out in the preceding article. Confusion of the precision 
measure Ry with the probable error Ho, and insufficient rigor in 
eliminating constant errors have led many experimenters to an 
entirely fictitious idea of the precision of their measurements. 

When the correction factors are explicitly expressed in the 
reduction formule, as in equations (112) and (120), the only 
difference between the expressions for direct and derived measure- 
ments is seen to lie in the greater number of directly observed 
quantities, 02, 0, etc., that appear in the latter equation. The 
same methods of computation are available in both cases and the 
following remarks apply equally well to either of them. 

For practical purposes, the precision measure R is computed 
to only two significant figures and the corresponding z is carried 
out to the place occupied by the second significant figure in R. 
The reasons underlying this rule have been fully discussed in 
article forty-three, in connection with the probable error, and 
need not be repeated here. In computing the numerical value 
of the differential coefficients in equations (113), (114), (121), and 
(122), the observed components, 0m, 02, 0, etc., and the correc- 
tion factors, a, B, etc., are rounded to three significant figures, 
and those that affect the result by less than one per cent are neg- 
lected. This degree of approximation will always give R within 
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one unit in the second significant figure and usually decreases the 
labor of computation. 

Generally the components 0m, 0a, 0s, etc., represent the arith- 
metical means of series of direct observations that have been 
corrected for systematic errors. In such cases the corresponding 
probable errors E,,, Ha, Ey, ete., can be computed, by equations 
in the form of (110), from the residuals determined by equations 
in the form of (103), with the aid of the observations on which 
the o’s depend. If the observations are sufficiently numerous, 
the computation of the E’s may be simplified by using formule 
depending on the average error in the form 


[7] 
i SS O35 —— 
nvVvn—1 


, (34) 


where [7] is the sum of the residuals without regard to sign and n 
is the number of observations. If the observations on which any | 
of the o’s depend are not of equal weight, the general mean should 
be used in place of the arithmetical mean and the corresponding 
probable errors should be computed by equations (41), (42), or 
(44), depending on the circumstances of the observations. 

The o’s in equation (120) are supposed to represent simultane- 
ous values of the directly observed magnitudes. When any of 
these quantities are continuous functions of the time, or of any 
other independent variables, it frequently happens that only a 
single observation can be made on them that is simultaneous 
with the other components. In such cases this single observation 
must be used in place of the corresponding o in (120), and its 
probable error must be determined for use in equation (122). 
For the latter purpose, it is sometimes possible to make an auxil- 
iary series of observations under the same conditions that pre- 
vailed during the simultaneous measurements except that the 
independent variables are controlled. The required H may be 
assumed to be equal to the probable error of a single observation 
in the auxiliary series. Consequently it may be computed by 
formule in the form, 


E = 0.674 


[r7] 
al 
ee ile 
Vn(n — 1) 


or 
E = 0.845 
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where n is the number of auxiliary observations, and the r’s are 
the corresponding residuals. In some cases this simple expedient 
is not available; and approximate values must be assigned to the 
E’s on theoretical grounds, depending on the nature of the meas- 
urements; or more or less extensive experimental investigations 
must be undertaken to determine their values more precisely. 

Such investigations are so various in character and their utility 
depends so much on the skill and ingenuity of the experimenter, 
that a detailed general discussion of them would be impossible. 
They may be illustrated by the following very common case. 
Suppose that one of the components in equation (120) repre- 
sents the gradually changing temperature of a bath. In com- 
puting zx we must use the thermometer reading 0, taken at the 
time the other components are observed. The errors of the fixed 
points of the thermometer and its calibration errors enter the 
equation among the correction factors a, 8, etc., and do not con- 
cern us in the present discussion. In order to determine the 
probable error of 0,;, the temperature of the bath may be caused 
to rise uniformly, through a range that includes o;, by passing a 
constant current through an electric heating coil, or the bath 
may be allowed to cool off gradually by radiation. In either case 
the rate of change of temperature should be nearly the same as 
prevailed when o; was observed. A series of corresponding obser- 
vations of the time 7 and the temperature ¢ are made under 
these conditions, and the empirical relation between T and ¢ is 
determined graphically or by the method of least squares. : The 
probable error of 0; may be assumed to be equal to the probable 
error of a single observation of ¢ in this series, and may be com- 
puted by equation (94), article sixty-four. 

Some of the correction factors a, B, etc., appearing as com- 
ponents in equations (112) and (120), represent subsidiary obser- 
vations, and some of them represent physical constants. The 
subsidiary observations may be treated by the methods outlined 
above. When the highest attainable precision is desired, the 
physical constants, together with their probable errors, must be 
determined by special investigation. In less exact work they 
may be taken from tables of physical constants. Such tabular 
values seldom correspond exactly to the conditions of the experi- 
ments in hand and their probable errors are seldom given. 
Generally a considerable range of values is given, and, unless 
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there is definite reason in the experimental conditions for the 
selection of a particular value, the mean of all of them should be 
adopted and its probable error placed equal to one-half the range 
of the tabular values. The deviations of the tabular values from 
the mean are due more to differences in experimental conditions 
and in the material treated than to accidental errors. Conse- 
quently a probable error calculated from the deviations would 
have no significance unless these differences could be taken into 
account. ‘The selection of suitable values from tables of physical 
constants requires judgment and experience, and the general 
statements above should not be blindly followed. In many cases 
the original sources of the data must be consulted in order to 
determine the values that most nearly satisfy the conditions of 
the experiments in hand. 

In good practice the conditions of the experiment are usually 
so arranged that the D’s, in equation (123), corresponding to the 
direct observations 02, 0, ete., are all equal. None of the D’s 
corresponding to correction factors should be greater than this 
limit, but it sometimes happens that some of them are much 
smaller. Since Ry is to be computed to only two significant 
figures, any single D which is less than one-tenth of the average 
of the other D’s may be neglected in the computation. If the 
sum of any number of D’s is less than one-tenth of the average 
of the remaining D’s they may all be neglected. A somewhat 
more rigorous limit of rejection can be developed for use in plan- 
ning proposed measurements, but it is scarcely worth while in 
the present connection since the correction factors and all other 
quantities must be taken as they occurred in the actual measure- 
ments, and negligible D’s are very easily distinguished by inspec- 
tion after a little experience. 

After Ry has been determined, x») may be computed by either 
equation (119) or (120). If (119) is used the 2z’s must first be 
determined by (102) or (112). Sometimes the computation may 
be facilitated by using a modification of (120), in which some of 
the correction factors appear explicitly while others are allowed 
to remain implicit in the x’s to which they apply. Such cases 
cannot be treated generally, but must be left to the ingenuity of 
the computer. Whatever formula is used, the observed quanti- 
ties and the correction factors should be expressed by sufficient 
significant figures to give the computed a within a few units in 
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the place occupied by the second significant figure of Ro. Occa- 
sionally the total effect of one or more of the correction factors is 
less than this limit and may be neglected in the computation. For 
a single factor, say a, this is the case when a a is less than a 

73. Numerical Example. — The following illustration repre- 
sents a series of measurements taken for the purpose of cali- 
brating the interval between the twenty-fifth and seventy-fifth 
graduations on a steel scale supposed to be divided in centimeters. 
The observations were made with a cathetometer provided with 
a brass scale and a vernier reading to one one-thousandth of a 
division. One division of the level on this instrument corre- 
sponds to an angular deviation of 3 X 10~‘ radians, and the ad- 
justments were all well within this limit. The steel scale was 
placed in a vertical position with the aid of a plumb-line, and, 
since a deviation of one-half millimeter per meter could have 
been easily detected, the error of this adjustment did not exceed 
5X 10-4 radians. Consequently the angle between the two 
scales was not greater than 8 X 10~‘ radians, and it may have 
been much smaller than this. The temperature of the scales was 
determined by mercury in glass thermometers hanging in loose 
contact with them. The probable error of these determinations 
was estimated at five-tenths of a degree centigrade, due partly 
to looseness of contact and partly to an imperfect knowledge of 
the calibration errors of the thermometers. 

Twenty independent observations, when tested by the last 
two criteria of article sixty-eight, showed no evidence of the pres- 
ence of systematic errors or mistakes. Consequently the mean 
Om, in terms of cathetometer scale divisions, and its probable 
error L, were computed before the removal of constant errors. 
The following numerical data represents the results of the obser- 
vations and the known calibration constants of the cathetometer. 


Mean temperature of the steel scale, 7........ 20° + 0°.5 C. 
Mean temperature of the brass scale, f;........ 21°.8 + 0°.5C. 
Mean of twenty observations on the measured A 
interval in terms of brass scale divisions, 0m.. 50.0051 + 0.0015 scale div. 
Mean length, at standard temperature, of the 
brass scale divisions in the interval used, S.. 0.999853 + 0.000024 cm. 
Standard temperature of brass scale, fp........ 15°.0 C. 
Coefficient of linear expansion of brass scale, a. (182 +12) X 10-7. 
Angle between two scales, 6, less than......... 8 X 10-4 rad. 
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The most probable value that can be assigned to the measured 
interval is given by the expression 


t= OWS {1 + a(t ~ bo)} 


Since @ is a very small angle, lle may be treated by the approxi- 


cos B 


mate formule of Table VII, and the above expression becomes 


ee + at)(1 +5), 


where 
t Ls ty aa to. 


The quantity S (1 + at) is very nearly equal to unity. Hence, 
neglecting small quantities of the second and higher orders, the 
correction due to the angle @ is 


2 
z <50 X = alee 


Om'5 


< 0.000016. 


Since this is less than two per cent of the probable error of o,, it is 
negligible in comparison with the accidental errors of observation. 
Consequently the precision of x is not increased by retaining the 
term involving 8, and we may put 


L = OmS (1 + at). . (a) 


The probable error of f is zero, because the accidental errors of 
the temperature observations, made during the calibration of the 
brass scale, are included in the probable errors of S and a com- 
puted by the method of article sixty-five. Consequently the 
probable error of t is equal to that of ¢:, and we have 


t = 6°.3+0°.5C. 


In the present case equation (115) is the most convenient for 
computing the precision measure R, of x. Only two significant 
figures are to be retained in the separate effects computed by 
equation (114). Consequently the factor (1 + at) may be taken 
equal to unity, and the numerical values of o, and S may be 
rounded to three significant figures for the purpose of this com- 
putation. Thus, taking 0, equal to 50.0, S equal to 1.00, and 
the other data as given above, we have 
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Dee = B= Ge yikes 1X Em= 0.0015. 
= sal Seite Wha 50 X E, = 0.0012. 
Di x" Ba = OnStEn a 50 X 6.3 X Ea = 0.00038. 
Dae aE 0, Sal; =50 X 182 X 10-7 X E, = 0.00046. 


m= 225.0 X 1078 
D2 = 144.0 X 10-8 
= 14.4 x 10-8 
ZL 2G 108 


[D2] = 404.6 x 10-8 
Hence, by equation (115), 
R2= [D*] = 404.6 X 10-8, 
R, = V-404.6 X 10-* = 0.0020. 


For the purpose of computing zx, it is convenient to put the 
given data in the form 
Om= 50 (1 +.0.000102), 
S = 1 — 0.000147, 
at = 0.000115. 


Then, by equation (a), 
x = 50 (1.+ 0.000102) (1 — 0.000147) (1 +.0.000115), 
and by formula 7, Table VII, 
z = 50 (1 + 0.000102 — 0.000147 + 0.000115) 


= 50 (1 + 0.00007) 
= 50.0035. 


This method of computation, by the use of the approximate 
formule of Table VII, gives x within less than one unit in the last 
place held, and is much less laborious than the use of logarithms. 

Since the length S of the cathetometer scale divisions is given 
in centimeters, the computed values of x and R, are also expressed 
in centimeters and our uncertainty regarding the true distance L 
between the twenty-fifth and the seventy-fifth graduations of the 
steel scale is definitely stated by the expression 

L = 50.0035 + 0.0020 centimeters, 


at the temperature 
T = 20°.0+ 0°.5C. 


| 


iS 
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The above discussion shows that the precision of the result 
would not have been materially increased by a more accurate 
determination of 7’, ti, and a, since the effects of the errors of 
these quantities are small in comparison with that of the errors 
of 0, and S. The probable error of 0,, might have been reduced 
by making a larger number of observations and taking care to 
keep the instrument in adjustment within one-tenth of a level 
division or less. But the given value of H,, is of the same order 
of magnitude as the least count of the vernier used, and, since 
each observation represents the difference of two scale readings, 
it would not be decreased in proportion to the increased labor of 
observation. Moreover, the terms Dp and D, in the above value 
of R, are nearly equal in magnitude, and it would not be worth 
while to devote time and labor to the reduction of one of them 
unless the other could be reduced in like proportion. 


CHAPTER XI. 
DISCUSSION OF PROPOSED MEASUREMENTS. 


74. Preliminary Considerations. — The measurement of a 
given quantity may generally be carried out by any one of several 
different, and more or less independent, methods. The available 
instruments usually differ in type and in functional efficiency. A 
choice among methods and instruments should be determined by 
the desired precision of the result and the time and labor that it is 
worth while to devote to the observations and reductions. 

Since the labor of observation and the cost of instruments in- 
crease more rapidly than the inverse square of the precision 
measure of the attained result, a considerable waste of time and 
money is involved in any measurement that is executed with 
greater precision than is demanded by the use to which the result 
is to be put. On the other hand, if the precision attained is not 
sufficient for the purpose in hand, the measurement must be 
repeated by a more exact method. Consequently the labor and 
expense of the first determination contributes very little to the 
final result and the waste is quite as great as in the preceding 
case. Sometimes the expense of a second determination is 
avoided by using the inexact result of the first, but such a saving 
is likely to prove disastrous unless the uncertainty of the adapted 
data is duly considered. 

In general the greatest economy is attained by so. planning 
and executing the measurement that the result is given with the 
desired precision and neglecting all refinements of method and 
apparatus that are not essential to this end. While these con- 
siderations have greater weight in connection with measurements 
carried out for practical purposes they should never be neglected 
in planning investigations undertaken primarily for the advance- 
ment of science. In the former case the cost of necessary measure=- 
ments may represent an appreciable fraction of the expense of 
a proposed engineering enterprise and must be taken into account 
in preparing estimates. In the latter case there is no excuse for 


burdening the limited funds available for research with the expense 
144 
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of ill-contrived and haphazard measurements. The precision 
requirements may be, and indeed usually are, quite different in 
the two cases, but the same process of arriving at suitable methods 
applies to both. 

75. The General Problem. — In its most general form the 
problem may be stated as follows: Required the magnitude of a 
quantity X within the limits + R, X being a function of several 
directly measured quantities X,, Xo, etc.; within what limits must 
we determine the value of each of the components X 1, X2, etc.? 
In discussing this problem, all sources of error both constant and 
accidental must be taken into account. For this purpose the 
various methods available for the measurement of the several 
components are considered with regard to the labor of execution 
and the magnitude of the errors involved as well as with regard to 
the facility and accuracy with which constant errors can be removed. 

After such a study, certain definite methods are adopted pro- 
visionally, and examined to determine whether or not the re- 
’ quired precision in the final result can be attained by their use. 
As the first step in this process, the function that gives the rela- 
tion between X and the components, Xi, X2, etc., is written out 
in its most complete form with all correction factors explicitly 
represented. Thus, as in article seventy-two, the most probable 
value of the quantity X may be expressed in the form 


Toi O (Oey Ody emt 5 Opp Oy Py <ace =) p), (120) 


where the o’s represent observed values of Xi, X2, etc., and a, B, 

. , p, represent the factors on which the corrections for con- 
stant errors depend as pointed out in connection with equation 
(112), article seventy-one. 

The form of the function 6, and the nature and magnitude of 
the correction factors appearing in it, will depend on the nature 
of the proposed methods of measurement. Since all detectable 
constant errors are explicitly represented by suitable correction 
factors, all of the quantities appearing in the function 6 may be 
treated as directly measured components subject to accidental 
errors only. Hence the problem reduces to the determination 
of the probable errors within which each of the components must 
be determined in order that the computed value of 7 may come 
out with a precision measure equal to the given magnitude Jp. 
If all of the components can be determined within the limits set 
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by the probable érrors thus found, without exceeding the limits 
of time and expense imposed by the preliminary considerations, 
the provisionally adopted methods are adequate for the purpose 
in hand and the measurements may be carried out with con- 
fidence that the final result will be precise within the required 
limits. When one or more of the components cannot be deter- 
mined within the limits thus set without undue labor or expense, 
the proposed methods must be modified in such a manner that the 
necessary measurements will be feasible. 

76. The Primary Condition. — The present problem is, to 
some extent, the inverse of that treated in articles seventy-one 
and seventy-two. In the latter case the given data represented 
the results of completed series of observations on the several 
component quantities appearing in the function 0, together with 
their respective probable errors. The purpose of the analysis was 
the determination of the most probable value 2) that could be 
assigned to the measured magnitude and the precision measure 
of the result. In the present case approximate values of 2 and 
the components in @ are given, and the object of the analysis is 
the determination of the probable errors within which each of the 
components must be measured in order that the value of 2%, 
computed from the completed observations, may come out with a 
precision measure equal to a given magnitude Ro. 


Ife Da, Dy, sce 25) ps Das, oo. 0s 12, represent theaseparate 
effects of the probable errors E., Ey, ..., Hp, Ea, Hp, .-.,; 
E, of the components Oa; 0s, . .. 4 Op, a, B,~ +. , p, hespec- 
tively, we have, as in article seventy-two, 

OG SALI a0 ew 00. 00 
Da= 5, Hai oO Dre aoe! Da= 5 Hai Sikenionis ss es (122) 


and the primary condition imposed on these quantities is given by 
the relation 

Ro =D? + Dee De? DA Ds D2 (123) 

The precision measure Ry and approximate values of the com- 
ponents are given by the conditions of the problem and the pro- 
posed methods of measurement. The EH’s, and hence also the 
D’s, are the unknown quantities to be determined. Conse- 
quently there are as many unknowns in equation (123) as there 
are different components in the function 6. Obviously the problem 
is indeterminate unless some further conditions can be imposed 


Arr. 77] DISCUSSION OF PROPOSED MEASUREMENTS 147 


on the D’s; for otherwise it would be possible to assign an infinite 
number of different values to each of the D’s which, by proper 
selection and combination, could be made to satisfy the primary 
condition (123). . 

77. The Principle of Equal Effects. — An ideal condition to 
impose on the D’s would specify that they should be so determined 
that the required precision in the final result 2) would be attained 
with the least possible expense for labor and apparatus. Un- 
fortunately this condition cannot be put into exact mathematical 
form since there is no exact general relation between the difficulty 
and the precision of measurements. However, it is easy to see 
that the condition is approximately fulfilled when the measure- 
ments are so made that the D’s are all equal to the same magnitude. 
For, the probable error of any component is inversely proportional 
to the square root of the number of observations on which it 
depends and the expense of a measurement increases directly 
with the number of observations. Consequently the expense 


W. of the component o, is approximately proportional to mo 5 OF, 
since oi is constant, to =; in ;- Similar relations hold for the other 


components. Hence, as a first approximation, we may assume 
that At - 7 

eA? 2 2 2 
Det ea os p33 T De 
where W is the a, expense of the determination of xv, and A is 
a constant. By the usual method of finding the minimum value 
of a function of conditioned quantities, the least value of W con- 
sistent with equation (123) occurs when the D’s satisfy (123) and 
also fulfill the relations 


by ta Rey (126) 
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where K is a constant. Introducing the expressions for Ro? and 
W in terms of the D’s, differentiating, and reducing, we have 


D2Z=Def= +++ =D2=De = +++ = 
and by equation (123) 


Tee 
ity 


‘oma 
where WN is the number of D’s in (123) or the equal number of 
components in the function 6. Consequently equation (123) is 
fulfilled and the condition of minimum expense is approximately 
satisfied when the components are so determined that the separate 
effects of their probable errors satisfy the relation 


Ro. 
VN 


Equation (127) is the mathematical expression of the principle 
of equal effects. It does not always express an exact solution of 
the problem, since A is seldom strictly constant; but it is the 
best approximation that we can adopt for the preliminary com- 
putation of the D’s and E’s. The results thus obtained will 
usually require some adjustment among themselves before they 
will satisfy both the preliminary considerations and the primary 
condition (123). We shall see that the necessary adjustment is 
never very great; and, in fact, that a marked departure from the 
condition of equal effects is never possible when equation ee is 
satisfied. 

Combining equations (122) and (127), we find 


Do = Dy = 2+ = D, = Dg = + + = (127) 


_ Fo lve. jens. 
Be = Ty 30 lie Ox 3a 
00a 0a 

ne Diba bee lle Jal (128) 
ee ab} Be rg a0? 
005 0B 


Hence, if the final measurements are so executed that the probable 
errors of the several components are equal to the corresponding 
values given by equations (128), the final result 2», computed by 
equation (120), will come out with a precision measure equal to 


E'S ee 


wiles 
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the specified Ro, and the condition of equal effects (127) will be 
fulfilled. 

In computing the E’s by equation (128), Ro is taken equal to 
the given precision measure of 2 and N is placed equal to the 


number of components in the function @. The derivatives = 


etc., are evaluated with the aid of approximate values of the 
components obtained by a preliminary trial of the proposed 
methods or by computation, on theoretical grounds, from an 
approximate value of x and a knowledge of the conditions under 
which the measurements are to be made. Since only two sig- 
nificant figures are required in any of the H’s, the adopted values 
of the components may be in error by several per cent, without 
affecting the significance of the results. Moreover, any number 
of components, whose combined effect on any derivative is less 
than five per cent, may be entirely neglected in computing that 
derivative. Consequently the function @ frequently may be sim- 
plified very much for the purpose of computing the derivatives and 
this simplification may take different forms in the case of differ- 
ent derivatives. No more than three significant figures should be 
retained at any step of the process and sometimes the required pre- 
cision can be attained with the approximate formule of Table VII. 

Since equation (127) is an approximation, the H’s derived from 
equations (128) are to be regarded as provisional limits for the 
corresponding components. If all of them are attainable, i.e., if 
all of the components can be determined within the provisional 
limits, without exceeding the limit of expense set by the prelim- 
inary considerations, the solution of the problem is complete and 
the proposed methods are suitable for the work in hand. 

78. Adjusted Effects. — Generally some of the E’s given by 
(128) will be unattainable in practice while others will be larger 
than a limit that can be easily reached. In other words, it will 
be found that the labor involved in determining some of the 
components within the provisional limit is prohibitive while 
other components can be determined with more than the pro- 
visional precision without undue labor. In such a case the pro- 
visional limits are modified by increasing the E’s corresponding 
to the more difficult determinations and decreasing the H’s that 
correspond to the more easily determinable components in such a 
way that the combined effects satisfy the condition (123). 
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The maximum allowable increase in a single # is by the factor 
VN. For, taking EZ, for illustration, 


ae € ae, ; 
VNE, = Ro a = £,/, 


00a 
and consequently 
i Re = re 
004 
Hence (123) cannot be satisfied unless all of the rest of the D’s 
are negligibly small. For example, if there are nine components, 


VN is equal to three. Consequently no one of the Z’s can be 
increased to more than three times the value given by the condi- 
tion of equal effects if (123) is to be satisfied. When, as is fre- 
quently the case, the number of components is less than nine, or 
when more than one of the H’s is to be increased, the limit of 
allowable adjustment is much less than the above. The extent 
to which any number of E’s may be increased is also limited 
by the difficulty, or impossibility, of reducing the effects of the 
remaining H’s to the negligible limit. 

If the probable errors given by equations (128) can be modified, 
to such an extent that the corresponding measurements become 
feasible, without violating the condition (123), the proposed 
methods are suitable for the final determination of 2). Other- 
wise they must be so modified that they satisfy the conditions of 
the problem or different methods may be adopted provisionally 
and tested for availability as above. 

Sometimes it will be found that the proposed methods are 
capable of greater precision than is demanded by equations (128). 
In such cases the expense of the measurements may be reduced 
without exceeding the given precision measure of x» by using less 
precise methods. But such methods should never be finally 
adopted until their feasibility has been tested by the process out- 
lined above. 

A discussion on the foregoing lines not only determines the 
practicability of the proposed methods, but also serves as a guide 
in determining the relative care with which the various parts of 
the work should be carried out. For, if the final result is to come 
out with a precision measure Ro, it is obvious that all adjustments 
and measurements must be so executed that each of the com- 
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ponents is determined within the limits set by equations (128), 
or by the adjusted E’s that satisfy (123). 

79. Negligible LEffects.— In the preceding article it was 
pointed out that the availableness of proposed methods of meas- 
urement frequently depends on the possibility of so adjusting the 
E’s given by equations (128) that they are all attainable and 
at the same time satisfy the primary condition (123). Generally 
this cannot be accomplished unless some of the Z’s can be reduced 
in magnitude to such an extent that their effect on the precision 
measure fp is negligible. 

On account of the meaning of the precision measure, and the 
fact that it is expressed by only two significant figures, it is obvi- 
ous that any D is negligible when its contribution to the value of 


Fo is less than feo Thus, if R; is the value of the right-hand 


10° 
member of equation (123), when D, is omitted, Da, is negligible 
provided R 
att ee 
Ro Ri < 10’ 
or 
0.9 Ro< Ri. 


Squaring gives 
VSb ite <iis, 


and by definition 
Re? —_ R? — D?: 


Consequently 
0.81 Ro? < Ro? — D.2?, 
and 
D2 < 0.19 Re’, 
or 


Da < 0.436 Ro. 


Hence, if Dz is less than 0.436 Ro, it will contribute less than ten 
per cent of the value of Ro. Since the true error of 2p is as likely 
to be greater than Jy as it is to be less than Ro, a change of ten 
per cent in the value of Ro can have no practical importance. 
Consequently D, is negligible when it satisfies the above condi- 
tion. However, the constant 0.436 is somewhat awkward to 
handle, and if D. is very nearly equal to the limit 0.436 Ro, the 
propriety of omitting it is doubtful. These difficulties may be 
avoided by adopting the smaller and more easily calculated limit 
of rejection given by the condition 
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This limit corresponds to a change of about six per cent in the 
value of Ro given by equation (123), and is obviously safe for all 
practical purposes. Since the above reasoning is independent of 
the particular D chosen, the condition (129) is perfectly general 
and applies to any one of the D’s in equation (123). 

When two or more of the D’s satisfy (129) independently, any 
one of them may be neglected, but all of them cannot be neg- 
lected without further investigation for otherwise the change in 
Ry might exceed ten per cent. This would always happen if all 


Meee lt, 
of the D’s considered were very nearly equal to the limit ai 


However, by analogy with the above argument, it is obvious that 
any q of the D’s are simultaneously negligible when 


VD2+D2Z+ ...+D2 24Ro, (130) 
where the numerical subscripts 1, 2, ..., ¢g are used in place 


of the literal subscripts occurring in equation (123) in order to 
render the condition (130) entirely general. Thus D; may corre- 
spond to any one of the D’s in (123), Dz to any other one, etc. 
By applying the principle of equal effects, the condition (130) 
may be reduced to the simple form 


1) —- |) <r ——— ; (131) 


If sone of the D’s in (131) can be easily reduced below the limit 


= , the others may exceed that limit somewhat without violating 
the condition (130). However, equation (131) generally gives the 
best practical limit for the simultaneous rejection of a number of 
D’s, and all departures from it should be carefully checked by (130). 

To illustrate the practical application of the foregoing discussion, 
suppose that the practicability of certain proposed methods of 
measurement is to be tested by the principle of equal effects 
developed in article seventy-seven. Let there be N components 
in the function 6, and suppose that q of them, represented by 
1, Q2, . » + , Qq, can be easily determined with greater precision. 
than is demanded by equations (128), while the measurement 
of the remaining N — q components within the“limits thus set 
would be very difficult. Obviously some adjustment of the E’s 
given by (128) is desirable in order that the labor involved in the 
various parts of the measurement may be more evenly balanced. 


Arr. 79] DISCUSSION OF PROPOSED MEASUREMENTS 153 


The greatest possible increase in the E’s corresponding to the 
N — q difficult components will be allowable when the E’s of the 
g easy components can be reduced to the negligible limit. To 
determine the necessary limits, Ro is taken equal to the given 
precision measure of 2, and the negligible D’s corresponding to 
the q easy components are determined by equation (131). Then 
by equations (122), the corresponding E’s will be negligible when 


_1R%,1 
ee we 
day 
iii 2 Ta 
Ee ae 
eRe 
ete (132) 
Ldega ak 
w= 3V_q 8 
Oa, 


If these limits can be attained with as little difficulty as the pre- 
viously determined E’s of the N — qg remaining components, the 
corresponding D’s may be omitted from equation (123) during 
the further discussion of precision limits. 

Since q of the D’s have disappeared, the others may be some- 
what increased and still satisfy the primary condition (128). 
The corresponding new limits for the L’s of the difficult components 
may be obtained from equations (127) and (128) by replacing 
N by N —q. If these new limits together with the negligible 
limits given by equations (132) can all be attained, without 
exceeding the expense set by the preliminary considerations, the 
proposed methods may be considered suitable for the final deter- 
mination of 2» with the desired precision. Otherwise new methods 
must be devised and investigated as above. 

Equations (132) may also be used to determine the extent to 
which mathematical constants should be carried out during the 
computations. For this purpose the components ai, a2, . . . » @q 
or part of them, represent the mathematical constants appearing 
in the function 6. The corresponding H’s, determined by equa- 
tions (132), give the allowable limits of rejection in rounding the 
numerical values of the constants for the purpose of simplifying 
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the computations. Thus, suppose that the volume of a right 
circular cylinder of length Z and radius a is to be computed 
within one-tenth of one per cent, how many figures should be 
retained in the constant 7? In this case 


O(On teste, 0) pee ee nt etl 
Ry = 0.001 V = 0.001 ra2L, 
00 Da OV ee 
aerate q=1, 
s Ro 1 oy 0.001 
Ao lig aera a a = 0.00105. 


If x is taken equal to 3.142 the error due to rounding is 0.00041—. 
Since this is less than the negligible limit H,, four significant 
figures in 7 are sufficient for the purpose in hand. 

It sometimes happens that the total effect of one or more of the 
components in the function #, on the computed value of 2, is 
negligible in comparison with Ro. This will obviously be the case 


when 
00 Ro 


aa = 2 ) 
for a single component @ or when 
a \. fae \ 66293) R, 
(ani) + Gasee) #20 + Geen) | 


for q components. Thus, on the principle of equal effects, the 


components a, a2, ... , a Will be simultaneously negligible 
when they satisfy the conditions 
aol alee Ae 
‘= 3 Vq 98° 
0a, 
penceetie le 
CR GS 
bal (133) 
ph ee 
cee NT 
Oaq jj 


Such cases frequently arise in connection with the components 
that represent correction factors. 
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80. Treatment of Special Functions. — During the foregoing 
argument, it has been assumed that the function @ in equation (120) 
is expressed in the most general form consistent with the pro- 
posed methods of measurement. Such an expression involves the 
explicit representation of all directly measured quantities, and 
all possible correction factors. Part of the latter class of com- 
ponents represent departures of the proposed methods from the 
theoretical conditions underlying them, and others depend upon 
inaccuracies in the adjustment of instruments. In practice it 
frequently happens that the general function @ is very compli- 
cated, and consequently that the direct discussion of precision 
as above is a very tedious process. Under these conditions it is 
desirable to modify the form of the function in such a manner as 
to facilitate the discussion. 

Sometimes the general function @ can be broken up into a series 
of independent functions or expressed as a continuous product 
of such functions. Thus, it may be possible to express @ in the 
form 


Sa = 8(0;, Op, 276 35 COND, os ) 

=f (Gi, Qo, . .-« ) te fo (01, 03,. » . ) Ss (er, Ge, . » - ) ¢ (134) 

en Se Sa (Mi Maj ); 

or in the form 
A SON GIAO Sen, Dye es 2) 

= f1[G1, Qo, sites ) X fe (61, be, cane ) X fs (c1, C2, Sore ) (135) 

DR Grete t X fn (m1, Me, a Ae Vy 

where the a’s, b’s, . . . , and m’s represent the same components, 
Oa, 0, .--, a, 8, ..., that appear in @ by a new and more 
general notation. The functions fi, fo, ..-, fn may take any 


form consistent with the problem in hand, but the precision dis- 
cussion will not be much facilitated unless they are independent 
in the sense that no two of them contain the same or mutually 
dependent variables. Sometimes the latter condition is imprac- 
ticable and it becomes necessary to include the same component 
in two or more of the functions.. Under such conditions the expan- 
sion has no advantage over the general expression for 9, unless 
the effect of the errors of each of the common components can 
be rendered negligible in all but one of the functions. It is 
scarcely necessary to point out that equations (134) and (135) 
represent different problems, and that if it were possible to expand 
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the same function @ in both ways, the component functions /f1, 


fo, . ...» » fn would be different in the two cases. 
For the sake of convenience let 
fi (Qi, de, ...) =%, 
Je (Oip0s, ate) 502), (136) 
Tg (NA, Ns). eee 
Then equation (134) may be written in the form 
XM = Zi teotbezst.. . Aken, (137) 
and (135) may be put in the form 
oy er Miso Kee XS ee ee Sas (138) 


First consider the case in which the function representing the 
proposed methods of measurement has been put in the form of 
(137). Since the precision measure follows the same laws of 
propagation as the probable error, the discussion given in article 
fifty-eight leads to the relation 

Ri? —— R? + Itipe + R32 + Oa + Negi (139) 
where J is the precision measure of 2, and each of the other R’s 
represents the precision measure of the z with corresponding sub- 
script. Hence, by the principle of equal effects, provisional 
values of the R’s may be obtained from the relation 
Ro 
Ri=R,=Rs=... | Log oe (140) 
The h’s having been determined by (140), the corresponding 
probable errors of the a’s, 6’s, etc., may be computed by the 
methods of the preceding articles with the aid of equations (136). 
If the provisional limits of precision thus found are not all attain- 
able with approximately equal facility, the conditions of the 
problem may be better satisfied by moderately adjusted relative 
values of the probable errors as pointed out in article seventy- 
eight. Obviously the adjusted values must satisfy equation (139) 


if the value of x) computed by (137) is to come out with a pre- 


cision measure equal to the given Ro. 


When the function representing the proposed methods can be 


put in the form of (138) the computation is facilitated by intro- 
ducing the fractional errors 
bd Weed Cea WEA Piss Mie oP aes 


Rn 
a ms rar (141) 


a eo 


Ss 


va 
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For, by the argument underlying equation (83), article sixty-two, 
Pei = PP+P2+P2Z+ ... +P,2, (142) 


and, by the principle of equal effects, provisional values of the 
P’s are given by the relation 


Pie rs = =, = (148) 


Since Ry) and approximate values of the components are given, 
Py can be computed with sufficient accuracy with the aid of 
(138) and the first of (141). Consequently provisional fractional 
limits for the components can be determined by (143), and the 
corresponding precision measures by the last ” of equations (141). 
Beyond this point the problem is identical with the preceding 
case, except that the adjusted limits of precision must satisfy 
(142) in place of (139). 

The methods developed in the preceding articles are entirely 
general and applicable to any form of the function 6, but they 
frequently lead to complicated computations. In the present 
article we have seen how the discussion can be simplified when the 
function 6 can be put in either of the particular forms represented 
by (134) and (135). Many of the problems met with in practice 
cannot be put in either of these special forms, but it frequently 
happens that the treatment of the functions representing them 
can be simplified by a suitable modification or combination of the 
above general and particular methods. The general ideas under- 
lying all discussions of the necessary precision of components 
have been discussed above with sufficient fullness to show their 
nature and significance. Their application to particular prob- 
lems must be left to the ingenuity of the observer and computer. 

81. Numerical Example. — As an illustration of the fore- 
going methods, suppose that the electromotive force of a battery 
is to be determined, and that the precision measure of the result 
is required to satisfy the condition 


Ry =+ 0.0012 volts, (i) 


within the limits 4: ©°,ie., Ry must lie between -b 0.0011 and 


10’ 
+ 0.0013 volt. - Preliminary considerations demand that the 
expense of the work shall be as low as is consistent with the 


required precision. 
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The given conditions are most likely to be fulfilled by some 
form of potentiometer method. Suppose that the arrangement 
of apparatus illustrated in Fig. 10 is adopted provisionally; and, 
to simplify the discussion, suppose that the various parts of the 
apparatus are so well insulated that leakage currents need not 
be considered. The generality of the problem is not appreciably 
affected by the latter assumption since the specified condition 
can be easily satisfied in practice within negligible limits. With 
what precision must the several components and correction 
factors be determined in order that equation (i) may be satisfied? 


ennen 
Fig. 10. 


Let V =e.m.f. of tested battery B,, 
E, = e.m.f. of Clark cell Bz at time of observation, 
temperature of Clark cell at time of observation, 
R, = resistance between 1 and 2, 
R. = resistance between 1 and 38, 
I = current in circuit 1, 2, 3, Bs, 1 when the key K is open, 
61 = algebraic sum of thermo e.m.f.’s in the circuit 1, 2, b, 
G, 1 when K is closed to b, ; 
52 = algebraic sum of thermo e.m.f.’s in the circuit 1, 3, a, 
G, 1 when K is closed to a, 
Es = e.m.f. of Clark cell at temperature 15° C., 
a@ = mean temperature coefficient of Clark cell in the 
neighborhood of 20° C. 


oo 
l| 
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When the sliding contacts 2 and 3 are so adjusted that the 
galvanometer G shows no deflection on closing the key K to 


either a or b, 
I sitter Ug eC SMO Ber 


Ry R. 
Consequently 
V = (E+ 8) — &, (i) 
2 
But 
EB, = Eis $1 — a(t — 15)}. (iii) 
Hence 
R, Ry , 
Vee eo hao) Ua pai SL 
5 } a ( NR. + 62 Tes 61 (iv) 


The resistances R; and R: are functions of the temperature; but, 
since they represent simultaneous adjustments with the cells By~- 


and Bz and are composed of the same coils, the ratio a is inde- 
2 


pendent of the temperature. Thus, if R,’ and R,’’ represent the 
resistances of the used coils at ¢° C., and @ is their temperature 
coefficient, 

Rk,’ _ fill + £t) _ fi 

Ri’ ReA+6t) PR,’ 
whatever the temperature ¢ at which the comparison is made. 
This advantage is due to the particular method of connection and 
adjustment adopted, and is by no means common to all forms of 
the potentiometer method. 

Under the conditions specified above, equation (iv) may be 
adopted as the complete expression for the discussion of precision. 
It corresponds to equation (120) in the general treatment of the 
problem. Suppose that the following approximate values of the 
components, which are sufficiently close for the determination of 
the capabilities of the method, have been obtained from the 
normal constants of the Clark cell and a preliminary adjustment 
of the apparatus or by computation from a known approximate 
value of V: 


Ey; = 1.434 volts; a = 0.00086; 
{= 20° C.; R, = 1000 ohms; (v) 

Rz = 1310 ohms; V = 1.1 volts. 
The thermoelectromotive forces 6; and 62 are to some extent 
due to inhomogeneity of the wires used in the construction of 
the instruments and connections. For the most part, however, 
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they arise from the junctions of dissimilar metals in the circuits 
considered. Suppose that the resistances Ri and RK are made of 
manganin, the key K of brass, and that the copper used in the 
galvanometer coil and the connecting wires is thermoelectrically 
different. Both 6; and 6, would represent the-resultant action 
of at least six thermo-elements in series. While these effects can- 
not be accurately specified in advance, their combined action 
would not be likely to be greater than twenty-five microvolts per 
degree difference in temperature between the various parts of the 
apparatus, and it might be much less than this. Obviously 6; 
and 6: are both equal to zero when the temperature of the appa- 
ratus is uniform throughout. 

By equations (133), article seventy-nine, the correction terms 
depending on thermoelectric forces will be negligible in compar- 
ison with the given precision measure Ao, when 6; and 62 satisfy 
the conditions 


ere 2) ort fee a 
61S -°—=em—> «and b= -*-—= =: 
a le Ep ap ld 

061 062 


In the present case 

Ro = 0.0012 volt; gq = 2; 

== 1; and 5, = Ft = 0.76 
Consequently the above conditions become 
10.0012. 01 9, 
Be 2 wT 
1 0.0012 1 
ay 2 aOnTo 
From the above discussion of the possible magnitude of the thermo- 
electromotive forces in the circuits considered, it is obvious that 
these limits correspond to temperature differences of approxi- 
mately ten degrees between thé various parts of the apparatus. 
Since the temperature of the apparatus can be easily maintained 
uniform within five degrees, the last two terms in equation (iv) 
are negligible within the limits of precision set in the present 
problem. Hence, for the determination of the required precision 
of the remaining components, the functional relation (iv) may be 
taken in the form 


V = Bu {1 a(t 15)} # | (vi) 


i= 


+ 0.00028 volt =- 280 microvolts, 


= -+ 0.00037 volt =-+ 370 microvolts. 
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By equation (123), article seventy-six, the primary condition 
for determining the necessary precision of the components is 

Ro? == wal Da Om oe D? + D2 + D2 -- D2 + D3, (vil) 

where ae ove. _ ow 


dB 15 da Ot (viii) 
OV aV hE 
Di = 5p Es; Ds an, B® 


and H;, E2, E3, Es, Es are the required probable errors rat E\s, 
Ri, and Re, respectively. 

For the preliminary determination of the E’s by the principle 
of equal effects, equation (127), article seventy-seven, becomes 


D,= Do Dz = D,= Ds = SS =-+ 0.00054. (ix) 
N 


a, 


Neglecting all factors that do not affect the differential coefficients 
by more than one unit in the second significant figure and adopt- 
ing the approximate values of the components given in (v), 


amen iso ~ 97 

or = — Eu (t 15) FE = — 55, 

ae — Bsa = — 0.00094, (x) 
a Eu = 0.0011, 

ae Bi Be = — 0.00083. 


Hence, by combining (viii) and (ix), or directly from equations 
(128), article seventy-seven, 


0.00054. 
Bye 0.76.7 =+ 0.00071 volt, (a) 
fa=+ _— = + 0.000098, (b) 
0.00054 : 
a ° b 
A; = Sh Se 0.00094 =+0 “Ys C (c) (xi) 
0.00054 
= d 
E, 0.0011 + 0.49 ohm (d) 
ee Oe 52 0.65 olin (e) 


0.00083 
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In practice the attainableness of these limits might be deter- 
mined experimentally; but in the present case, as in most practical 
problems, general considerations based on theory and previous 
experience lead to equally trustworthy results. In the first place, 
it is obvious that the temperature of the Clark cell can be easily 
determined closer than 0°.6C. Consequently the limit (¢) is easily 
attainable and might possibly be reduced to a negligible quantity. 

The constants of the normal Clark cell are known well within 
the limits (a) and (b). But it requires very careful treatment of 
the cell to keep Hy; constant within the limit (a), and new cells, 
unless they are set up with great care and skill, are likely to vary 
among themselves and from the normal cell by more than 0.0007 
volt. Consequently the limit (a) is somewhat smaller than is 
desirable in practical work of the precision considered in the 
present problem. On the other hand, the limit (b) is very rarely 
exceeded by either old or new cells unless they are very care- 
lessly constructed and handled. Hence EF, could probably be 
reduced to the negligible limit. 

With a suitable galvanometer, the nominal values of the resist- 
ances R, and Re» can be easily adjusted within the limits (d) and 
(e). But H, and H; must be considered practically as the pre- 
cision measures of Ry and Re. They include the calibration 
errors of the resistances, the errors due to leakage between the 
terminals of individual coils, and the errors due to nonuniformity 
of temperature as well as the errors of setting of the contacts 2 
and 3, Fig. 10. The resultant of these errors can be reduced 
below the limits (d) and (e), but in the present case it would be 
convenient to have somewhat larger limits in order to reduce the 
expense of construction and calibration. 

Hence, while all of the H’s given by equations (xi) are within 
attainable limits, the preliminary consideration of minimum 
expense would be more likely to be fulfilled if the limits (a), 
(d), and (e) were somewhat larger. Obviously the magnitude of 
these limits can be increased without violating the primary con- 
dition (vii) provided a corresponding decrease in the magnitudes 
of the limits (b) and (c) is possible. 

By equation (131), article seventy-nine, the separate effects De 
and D3; will be simultaneously negligible if 


Dy Dee nop = 0.00028, 
q 


—— a, 
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Hence, by equations (132), the errors of a and ¢ will be negligible 


when 0.00028 
Eee RTS + 0.000051, (b’) 
and 
0: 00028 4 
E; = + 500004 = + 0°.30C. (c’) 


Since these limits can be reached with much greater ease than the 

limits (a), (d), and (e), they may be adopted as final specifica- 

tions and the corresponding D’s may be omitted during the deter- 

mination of new limits for the components F,;, Ri, and Re. 
Under these conditions, equation (ix) becomes 


Ro 0.0012 


D = Dye D = i a : . 
1 4 5 Vwi 5 + 0.00069 
Hence the largest allowable limits for the errors of Hy, Ri, and 
Rez are 
: By = 4 2:00089 _ +. 0.00091 volt, (a’) 
0.76 
0.00069 : 
Ey=+ 0.0011 ~ + 0.63 ohm, (d’) 
__, 0.00069 _ ' 
Es =+ 0.00083 > + 0.83 ohm. (e’) 


While these limits cannot be quite so easily attained as (b’) and 
(c’), they cannot be increased without violating the primary con- 
dition (vii). Consequently they satisfy the condition of minimum 
expense, so far as the proposed method is concerned, and may be 


_ adopted as final specifications. 


The fractional errors corresponding to the specified precision 
measure of V and the above limiting errors of the components 


are Ro 


Po= 7 = +0.0011 = + 0.11%, 
P, = = = + 0.00063 = + 0.063%, 
Es 
ae a: = + 0.059 =+ 5.9%, 
zB, 
Py = = £0,015 = + 1.5%, 
Px =F = = + 0.00063 = + 0.063%, 
P, = 2° = + 0.00063 = +0.063%. 


Re 
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Consequently in order to obtain a value of V that is exact within 
0.11 per cent by the proposed method, a must be determined 
within 5.9 per cent, ¢ within 1.5 per cent, and His, Ri, and Re, each 
within 0.063 per cent. These limits are all attainable in practice 
under suitable conditions, as pointed out above. Hence the pro- 
posed method is practicable. 

If the final measurements are so devised and executed that the 
above conditions are fulfilled, the precision of the result computed 
from them will be within the specified limits and the expense of 
the work will be reduced to the lowest limit compatible with the 
proposed method. The desired result might be obtained at less 
expense by some other method, but a decision on this point can 
be reached only by comparing the precision requirements and 
practicability of various methods with the aid of analyses similar 
to the above. 


‘CHAPTER XII. 
BEST MAGNITUDES FOR COMPONENTS. 


82. Statement of the Problem. — The precision of a derived 
quantity depends on the relative magnitudes and precision of the 
components from which it is computed, as explained in Chapter 
VII. Thus, if the derived quantity 2 is given in terms of the 
components 71, 2, . . . , X_ by the expression 


vw = F (a1, v2, -« ome ss £5), (144) 
the probable error of 2 is given by the expression 
FY — SPH? + SoHo? a Sansa! © se artes (145) 


where the #’s represent the probable errors of the x’s with corre- 
sponding subscripts, and 


aF ar aF 
ant Siren +3 Sem 5 (146) 


Si 

The error E, corresponding to any directly measured com- 
ponent, is generally, but not always, independent of the absolute 
magnitude of that component so long as the measurements are 
made by the same method and apparatus. For example: the 
probable error of a single measurement with a micrometer caliper, 
graduated to 0.01 millimeter, is approximately equal to 0.004 
millimeter, whatever the magnitude of the object measured so 
long as it is within the range of the instrument. Hence, when 
the methods and instruments to be used in measuring each of 
the components are known in advance, the probable errors F, 
E2, etc., can be determined, at least approximately, by preliminary 
measurements on quantities of the same kind as the components 
but of any convenient magnitude. Under these conditions the 
E’s on the right-hand side of equation (145) may be treated as 
known constants, and, since the S’s are expressible in terms of 
11, %, etc., by equations (146), the value of Hy corresponding to 
the given methods cannot be changed without a simultaneous 
change in the relative or absolute magnitudes of the components. 

165 
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Since equation (144) must always be fulfilled, and since the 
value of a is usually fixed by the conditions of the problem, a 
change in the magnitudes of the z’s is not always possible. But 
it frequently happens that the form of the function F is such that 
the relative magnitudes of the components can be changed through 
somewhat wide limits and still satisfy equation (144). Thus, if 
a cylinder is to have a specified volume, it may be made long and 
thin, or short and thick, and have the same volume in either case. 
Consequently it is sometimes possible to select magnitudes for 
the components that will give a minimum value of Hp and at the 
same time satisfy equation (144). 

The problem before us may be briefly stated as follows: Having 
given definite methods and apparatus for the measurement of the 
components of a derived quantity 2%, what magnitudes of the 
components will give a minimum value to the probable error Eo of 
2%) and at the same time satisfy the functional relation (144)? 

It can be easily seen that a practical solution of this problem 
is not always possible. In the first place the form of the function 
F may be such as to admit of but a single system of magnitudes 
of the components, and consequently the value of Eo is definitely 
fixed by equation (145). In some cases there are no real values 
of the x’s that will satisfy both (144) and the conditions for a 
minimum of Hy. When values can be found that satisfy the 
mathematical conditions they are not always attainable in prac- 
tice. Finally the probable errors E,, E:2, etc., may not be inde- 
pendent of the magnitudes of the corresponding components or 
it may be impossible to determine them in advance of the final 
measurements. 

When the £’s are not independent of the 2’s it sometimes 
happens that the fractional errors 
Eva paeee 


Je 2 oe 
Fpsege ea 


E 
.; P= (147) 
qd 


are constant and determinable in advance. In such eases the 
problem may be solvable by putting (145) in the equivalent form 


Ee? = S2P 2x + So2P 2x2 + +--+ + S2P 2x2, (148) 


expressing the S’s in terms of the components by equations (146), ° 


and determining the values of the 2’s that will render (148) a 
minimum subject to the condition (144). 
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When a: practicable solution of the problem is possible, it is 
obvious that the results thus obtained are the best magnitudes 
that can be assigned to the components, and that they should 
be adopted as nearly as possible in carrying out the final measure- 
ments from which a is to be computed. 

83. General Solutions. — The general conditions for a mini- 
mum or @ maximum value of Hy?, when a is treated as a constant 
and the variables are required to satisfy the relation (144), but 
are otherwise independent, are 


2 
ES ay ae 


0X1 O21 0, 

re i oF 

Seedy) a (i) 
eB! 4 c aF _o 

0X q eae ae Oa 


where K is an arbitrary constant. By introducing the expressions 
(145) and (146), transposing and dividing by two, equations (i) 
become 


aS aS2 as 


el 5 Sher — 2 ff 2 — 

Si an, HY? + So ee E.? + +8, aa E? = Ks, 
OS O82 met... Se we = 

Stas, Ht: go Se aie Hs + +8aa7 EK, = KS., (149) 
oS; dS» ee O57 2 = 

Sern + Se an EH? + +S, a EH? = KS8,. 


When the S’s have been replaced by 2’s with the aid of equa- 
tions (146), the g equations (149), together with{(144), are theoreti- 
cally sufficient for the determination of all of the g + 1 unknown 
quantities 21, %, ..., 2%, and K. However, in some cases a 
practicable solution is not possible, and in others the components 
or their ratios come out as the roots of equations of the second 
ot higher degree. The zero, infinite, and imaginary roots of these 
equations have no practical significance in the present discussion 
and need not be considered. Some of the real roots correspond to 
a maximum, some to a minimum, and others to neither a maximum 
nor a minimum value of Hy?. In most cases the roots that corre- 
spond to a minimum of E,? can be selected by inspection with the 
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aid of equation (145), but it is sometimes necessary to apply the 
well-known criteria of the calculus. 

Dividing equation (145) by a? and putting 
Silo se el Ole . _ 8a sor, (150) 
a ie See 0 0 OLq 


gives the expression 


Ly? 
Lo” 


iene =TPYHPZ4+T7T2HZ +---+TH?Z (151) 
for the fractional error of 2. Since 2 is a constant in any given 
problem the maxima and minima of P,” correspond to the same 
values of the components as those of Ho’. Sometimes the form 
of the function F is such that the expression (151), when expanded 
in terms of the z’s, is much simpler than (145). In such cases it 
is much easier to determine the minima of P,? than of Hy?. For 
this purpose the equations of condition (i) may be put in the form 


oEa ae Kasia 

OX, Xo 0X1 alan, 

OP? 9K oe 

dX2 cue (152) 
2 

Po oa ok oF = 0, 


and by substitution and transposition we have 


To Ey + 1,52 By pam nd oily. StEe= KP, 


oT, ae y 
2 


eager ceils: Sas ae TE Eg = KT:, 


(153) 


ar’ 
iiigs an, B® 4 nl ps a Ney Lasid 
qd 


When the components are required to satisfy the condition (144) 
and a given constant value is assigned to 2, equations (153) lead 
to exactly the same results as equations (149). In fact either of 
these sets of equations can be derived from the other by purely 
Seo methods when the S’s and 7’s are expressed in terms of 
the x’s. In practice one or the other of the sets will be the simpler, 
depending on the form of the function F; and the simpler form 


Art. 83] BEST MAGNITUDES FOR COMPONENTS 169 


can be more easily derived by direct methods as above than by 
algebraic transformation. 

In some problems the magnitude of one or more of the com- 
ponents in the function F can be varied at will and determined 
with such precision that their probable errors are negligible in 
comparison with those of the other components. Variables that 
fulfill these conditions will be called free components. Since any 
convenient magnitude can be assigned to them, their values can 
always be so chosen that the condition (144) will be fulfilled 
whatever the values of the other components. Consequently the 
latter components may be treated as independent variables in 
determining the minima of £,? or P,?. 

Under these conditions the #’s corresponding to the free com- 
ponents can be placed equal to zero, and either E,? or Py? can 
sometimes be expressed as a function of independent variables 
only by eliminating the free components from the S’s or the T’s 
with the aid of equation (144). When this elimination can be 
effected, the minimum conditions may be derived from equations 
(149) or (153), as the case may be, by placing K equal to zero and 
omitting the equations involving derivatives with respect to the 
free components. This is evident because the remaining com- 
ponents are entirely independent, and consequently the partial 
derivatives of H,? or Po? with respect to each of them must vanish 
when the values of the variables correspond to the maxima or 
minima of these functions. When the elimination cannot be 
_ accomplished, neither equations (149) nor (153) will lead to con- 
sistent results and the problem is generally insolvable. 

_In practice it frequently happens that the free components are 
factors of the function /, and are not included in any other way. 
Under these conditions they do not occur in the T’s corresponding 
to the remaining components, since the form of equations (150) 
is such that they are automatically eliminated. Consequently, 
in this case, the conditions for a minimum are given at once by 
equations (153) when K is taken equal to zero, since the derivatives 
with respect to the free components all vanish and the correspond- 
ing H’s are negligible. It is scarcely necessary to point out that 
the remarks in the paragraph following equations (149), except 
for obvious changes in notation, apply with equal rigor to equa- 
tions (153), whether K is zero or finite. The values of the 2’s 
derived from these equations should never be assumed to corre- 
spond to the minima of P,? without further investigation. . 
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84. Special Cases. — Suppose that the relation between the 
derived quantity z and the measured components 4%, 22, and 23 
is given in the form 

% = ary + bx” + cx", (ii) 


where a, b, c, and the n’s are constants. If the probable errors 
ube E., and E3 of the x’s with corresponding subscripts are known, 
and independent of the magnitude of the components, what mag- 
nitudes of the components will give the least possible value to the 
probable error Ho of x? 

By equations (146), 


Si = ane); Se= bree); Ss = cngr3%—, (iii) 
Consequently 
— =an(ny— 1) as? ; a = 0; “ =) ()) 
= A) a = bne (m2 — 1) ro); os =; 
=U; oe BE “ = ens (ns — 1) ag). 


Substituting these results in equations (149) and dividing the 
first equation by Si, the second by S, and the third by S3, the 
conditions for a minimum value of EH)? become 

Ean; (nr— 1) 1-9 = K, 

E2bne (ng — 1) ro™-9 = K, 

E32cn3 (ng — 1) 23-9) = K. 


Dividing the second and third of these equations by the first 
and transposing the coefficients to the second member gives the 
ratios of the components in the form 

Toh Ps Hany, (n4 = 1) 

x™-2 se E2bne (ne — 1) t : 
x3—-) ~~ Hany (n1 — 1) tiv) 
XyM%-2) i EH32en3 (ns = 1) : 


These two equations together with (ii) are theoretically sufficient 
for the determination of the best magnitudes for the three com- 
ponents 21, %2, and x3; but it can be easily seen, from the form of 
the equations, that a solution is not practicable for all possible 
values of the n’s. 
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For example, if the n’s are all equal to unity, the ratios of the 
components given by (iv) are both indeterminate, each being 


0 
equal to 0 Consequently the problem has no solution in this 


case. This conclusion might have been reached at once by 
inspecting the value of Ho? given by equation (145), when the S’s 
are expressed in terms of the components. Thus, placing the n’s 
equal to unity in equations (iii) and substituting the results in 
(145), we find 
Ee = CE? + BH? + 2H. 

Since E,? is independent of the z’s it can have no maxima or 
minima with respect to the components. 

When each of the n’s equals two, equations (iv) are inde- 
pendent of the x’s, and consequently the problem is not solvable. 
In this case (11) becomes 

Lo = ax; + bax? + cx;?, 
and (145) reduces to 
Ei? == Gh areH? + 4 6220? H 2? a 4 C2257 H 3". 
Since these equations differ only in the values of the constant 
coefficients of the x’s, no magnitudes can be assigned to the com- 
ponents that will give a minimum value to H,”, and at the same 
time satisfy the equation for 2%. 

If each of the n’s is placed equal to three, equation (ii) takes 

the form 


to = any’ + bax? + cxs°, (v) 
and equations (iv) become 
V2 aH? 
ta 
V1 bE Aha 
(iv’) 
v3 x ak? 
V1 cH? 


In this case the problem can be easily solved when the numerical 
values of the coefficients and the H’s are known. As a very 


simple illustration, suppose that 
a=b=c=1, and #,=2,=83=#, 


then, by (iv’) and (v), : 
fay = te, = %3 = (3) 2 


and, by (145) and (iii), 
Ey? = 9 (ait + act + as") EP. 
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Since a decrease in the magnitude of one of the z’s involves an 
increase in that of one or both of the others, in order to satisfy 
equation (v), and since the fourth power of a quantity varies 
more rapidly than the third, it is obvious that the minimum 
value of E,? will occur when the 2’s are all equal.. Consequently 
the above solution corresponds to a minimum of £;?. 

It can be easily seen that there are many other cases in which 
equations (ii) and (iv) can be solved, and also some others in 
which no solution is possible. The extension of the problem to 
functions in the same form as equation (ii), but containing any 
number of similar terms, involves only the addition of one equa- 
tion in the form of (iv) for each added component. Obviously 
these equations hold for negative as well as positive values of the 
coefficients and exponents of the 2’s. 

As a second example, consider the functional relation 


Lo = Ay" XK Lo”. (vi) 
In this case the solution is more easily effected by the second 
method given in the preceding article. By equations (150) 


Ny Ne 


dere be (vii) 
Consequently 

oT; os N11, OT. 5 

ei ee te ee 

dia , OT. | No 

$n Belconmmiaat 


and equations (153) reduce to the simple form 


ny Ne Nee 
geet =X; epee =i, (viii) 
where /; and E, are the known constant probable errors of 2, and 


x. Hliminating K, we have * 


Consequently the problem is always solvable when ni and ng 
have the same sign. When they have different signs the solu- 
tion is imaginary. Hence there are no best magnitudes for the 
components when the derived quantity is given as the ratio of 
two measured quantities. 
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The extension of this solution to functions involving any num- 
ber of factors is obvious. When the exponents of all of the 
factors have the same sign the problem is always solvable but 
the best magnitudes thus found may not be attainable in practice. 
If part of the exponents are positive and others are negative the 
solution is imaginary. 


85. Practical Examples. 


I. 


In many experiments the desired result depends directly upon 
the determination of the quantity of heat generated by an electric 
current in passing through a resistance coil. Let J represent the 
current intensity and £ the fall of potential between the terminals 
of the coil. Then the quantity of heat H developed in ¢ seconds 
may be computed by the relation 

TH = 1, 


where J represents the mechanical equivalent of heat. If H is 
measured in calories, J in amperes, H# in volts, and ¢ in seconds, 


Fis equal to 0.239 calorie per Joule and the above relation becomes 
H = 0.239 + LE. (ix) 


Suppose that the conditions of the problem in hand are such 
that H should be made approximately equal to 1000 calories. 
Since the resistance of the heating coil is not specified it can be so 
. chosen that J and H may have any convenient values that satisfy 
the relation (ix) when H has the above value. Obviously ¢ can 
be varied at will, by changing the time of run, and (ix) will not 
be violated if suitable values are assigned to J and LH. If the 
instruments available for measuring J, H, and ¢ are an ammeter 
graduated to tenths of an ampere, a voltmeter graduated to 
tenths of a volt, and a common watch with a seconds hand, what 
are the best magnitudes that can be assigned to the components, 
ie., what magnitudes of J, HZ, and ¢ will give the computed H 
with the least probable error? 

By comparing equations (ix) and (vi), it is easy to see that 
the present problem is an application of the second special case 
worked out in the preceding article when a third variable factor 
at is annexed to (vi). H corresponds ‘to 2, I to 21, H to x, t to 
x3, and all of the n’s in (vi) are equal to unity. Consequently 
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the solution can be derived at once from three equations in the 
form of (viii) if suitable values can be assigned to the probable 
errors of the components. 

With the available instruments, the probable errors H;, #., and 
E, of I, E, and t, respectively, will be practically independent of 
the magnitude of the measured quantities so long as the range 
of the instruments is not exceeded. Under the conditions that 
usually prevail in such observations the following precision may 
be attained with reasonable care: 


E;= 0.05 ampere; FE. = 0.05 volt; HE, = 1 second. 


The conditions for a minimum value of the probable error Ej 
of H can be derived by exactly the same method that was used 
in obtaining equations (viii), or these equations may be used at 
once with proper substitutions as outlined above. Consequently 
the best magnitudes for the components are given by the simul- 
taneous solution of (ix) and the following three equations, 

E? Le 

73 ape hasan 
Eliminating K and substituting the numerical values of the 
probable errors we have 


Egy lic gage tee lan 
ripe ea 
Consequently 
Ee= I vand st = 20 ie (x) 


Substituting these results and the numerical value of H in (ix) 


we have 
1000 = 0.239 X 20 x J, 
and hence 
I = 5.94 amperes 


is the best magnitude to assign to the current strength under the 


given conditions. The corresponding magnitudes for the electro- — 


motive force and time found by (x) are 
E = 5.94 volts and ¢ = 119 seconds. 


If the above values of the components and their probable errors 
are substituted in equation (151), the fractional error of H comes 


out 
0.05 0.05 1 


2 2, 2 
Pat = (54) + (55g) + (yg) = 212% 10 


le ae 


a a 
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and the probable error of H is given by the relation 
Ey = 1000 Py) = + 15 calories. 


If any other magnitudes for the components, that satisfy equa- 
tion (ix), are used in place of the above in (151), the computed 
value of Ho will be greater than fifteen calories. Consequently 
the above solution corresponds to a minimum value of £). 

In order to fulfill the above conditions the resistance of the 
heating coil must be so chosen as to satisfy the relation 

E 
R= Ti 
Since our solution calls for numerically equal values of I and E, 
the resistance R must be made equal to one ohm. 

It can be easily seen that small variations in the values of the 
components will produce no appreciable effect on the probable 
error of H, since the numerical value of Hy is never expressed by 
more than two significant figures. Consequently the foregoing 
discussion leads to the following practical suggestions regarding 
the conduct of the experiment. The heating coil should be so 
constructed that the heat developed in the leads is negligible in 
comparison with that developed between the terminals of the 
voltmeter. The resistance of the coil should be one ohm. The 
current strength should be adjusted to approximately six amperes 
and allowed to flow continuously for about two minutes. Undér 
these conditions the difference in potential between the terminals 
of the coil will be about six volts. The conditions under which 
I, E, and t are observed should be so chosen that the probable 
errors specified above are not exceeded. 

If the above suggestions are carried out.in practice the value 
of H computed from the observed values of J, H, and ¢ by equa- 
tion (ix) will be approximately 1000 calories, and its probable 
error will be about fifteen calories. A more precise result than 
this cannot be obtained with the given instruments unless the 
probable errors of J, Z, and t can be materially decreased by 
modifying the conditions and methods of observation. 


Il. 
A partial discussion of the problem of finding the best magni- 
tudes for the components involved in the measurement of the 
strength of an electric current with a tangent galvanometer may 
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be found in many laboratory manuals and textbooks. Such dis- 
cussions are usually confined to a consideration of the error in the 
computed current strength due to a given error in the observed 
deflection. On the assumption, tacit or expressed, that the effects 
of the errors of all other components are negligible it is proved 
that the effect of the deflection error is a minimum when the 
deflection is about forty-five degrees. Although the tangent gal- 
vanometer is now seldom used in practice it provides an instructive 
example in the calculation of best magnitudes since the general 
bearings of the problem are already familiar to most students. 

In order to avoid unnecessary complications, consider a simple 
form of instrument with a compass needle whose position is 
observed directly on a circle graduated in degrees. Suppose that 
the.needle is pivoted at the center of a single coil of N turns of 
wire, and R centimeters mean radius. Under these conditions the 
current strength I is connected with the observed deflection ¢ by 
the relation HR 

[= aN ——— tan ¢, 
where # is the horizontal intensity of a uniform external magnetic 
field parallel to the plane of the coil. In practice the plane of the 
coil is usually placed parallel to the magnetic meridian and H 
is taken equal to the horizontal component of the earth’s mag- 
netism. 

N is an observed Comnonent but it can be so precisely deter- 
mined by direct counting, during the construction of the’ coil, 
that its error may be considered negligible in comparison with 
those of the other components. Furthermore it can be given any 
desired value when an instrument is designed to meet special 
needs, and a choice among a number of different values is possi- 
ble in most completed instruments. Consequently the quantity 


1 
ann may be treated as a free component, represented by A, and 
the expression for the current strength may be written in the 
ore I =AHR-tang. | (xi) 


Comparing this expression with the general equation (144) we 

note that I corresponds to %, H to x2, R to x, and ¢ to 23. 
Since A is free, the components H, R, and ¢ are entirely inde_ 

pendent; and any convenient magnitudes can be made to satisfy 
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(xi) by suitably choosing the number of turns in the coil. Con- 
sequently, as pointed out in article eighty-three with respect to 
functions containing a free component as a factor, the conditions 
for a minimum probable error of J are given by equations (153) 
with K placed equal to zero. By making the above substitutions 
for the «’s in equations (150) and performing the differentiations 
we have 


: 1 1 
T= ith T, = R’ Ts = are (xii) 
Consequently 
oT; =— he oT’, = (i) om 0: 
oH See i Ol a! 
67 = (() oT = A. e ors =(: 
ok ole Ree OR. ee 
ofr _ 9. dT 2 _ 9. dT; ___ 4cos2¢ 
do > 06 > ag sin22¢’ 


and, if the probable errors of H, R, and ¢ are represented by £4, 
E2, and Hs, respectively, equations (153) become 
2 2 
= = 0; a =O ere Le 
If ZH, and E» could be made negligible, as is tacitly assumed in 
most discussions of the present problem, the first two of equations 
(xiii) would be satisfied whatever the values of H and R. Conse- 
quently these components would be free and ¢ would be the only 
independent variable involved in equation (xi). Under these 
conditions the minimum value of the probable error of I corre- 
sponds to the value of ¢ derived from the third of equations (xiii). 
The general solution of this equation is 


9COS2h _ 


ey ee 0. (xiii) 


$= (2n-1)p 


where n represents any integer. But, since values of ¢ greater 
than - are not attainable in practice, nm must be taken equal to 
unity in the present case and consequently the best magnitude 
for the deflection is forty-five degrees. It is obvious that (xi) 
can always be satisfied when J has any given value, and ¢ is 
equal to forty-five degrees by suitably choosing the values of the 
free components N, H, and Rk. 
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If the fractional error of I is represented by Py and the T’s 
given by equations (xii) are substituted in (151), 
DEC ek 4h? 


Oa H? ss R? z sin? 2 ¢ (xiv) 
= P?-+- P?Y+ Ps, 
where = . oie 
_, Bile ae eeel: Ebel 
Biers P. R’ and P3 sin 2 


are the separate effects of the probable errors Hi, H2, and £3, 
respectively. If both ends of the needle are read with direct and 
reversed current so that ¢ represents the mean of four observa- 
tions, Z3 should not exceed 0°.025 or 0.00044 radians, and it might 
be made less than this with sufficient care. Consequently, when 
¢ is equal to forty-five degrees, 


P; = 0.00088. 


By an argument similar to that given in article seventy-nine it can 
be proved that P; and P, will be simultaneously negligible when 
they satisfy the condition 
IP» = 1 = ee 
3V2 
Hence, in order that the effects of H; and EH, may be negligible in 
comparison with that of #3, H and R must be determined within 
about two one-hundredths of one per cent. 

With an instrument of the type considered it would seldom be 
possible and never worth while to determine H and R with the 
precision necessary to fulfill the above condition. In common 
practice H, and EH», are generally far above the negligible limit 
and it would be necessary to make both H and R equal to infinity 
in order to satisfy the first two of the minimum conditions (xiii). 
Hence there is no practically attainable minimum value of Pp». 
This conclusion can also be derived directly by inspection of 
equation (xiv). Po? decreases uniformly as H and R are increased, 
and becomes equal to P;? when they reach infinity. 

Although a minimum value of Pp is not attainable, the fore- 
going discussion leads to some practical suggestions regarding 
the design and use of the tangent galvanometer. For any given 
values of Hy, Hy, and £3, the minimum value of P3 occurs when ¢ 
is equal to forty-five degrees. Also P; and P, decrease as H and 
R increase. Consequently the directive force H and the radius 


= 0.00021. 
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of the coil R should be made as large as is consistent with the 
conditions under which the instrument is to be used, and the 
number of turns N in the coil should be so chosen that the observed 
deflection will be about forty-five degrees. 

The practical limit to the magnitude of R is generally set by a 
consideration of the cost and convenient size of the instrument. 
Moreover when F is increased N must be increased in like ratio 
in order to satisfy the fundamental relation (xi) without altering 
the observed deflection or decreasing the value of H. There 
is an indefinite limit beyond which N cannot be increased with- 
out introducing the chance of error in counting and greatly in- 
creasing the difficulty of determining the exact magnitude of R. 
Above this limit H2 is approximately proportional to R, and, as 
can be easily seen by equation (xiv), there is no advantage to 
be gained by a further increase in the magnitude of R. 

H can be varied by suitably placed permanent magnets, but 
it is difficult to maintain strong magnetic fields uniform and con- 
stant within the required limits. Even under the most favorable 
conditions, the exact determination of H is very tedious and 
involves relatively large errors. Consequently P,? is likely to be 
the largest of the three terms on the right-hand side of equation 
(xiv). Under suitable conditions it can be reduced in magnitude 
by increasing H to the limit at which the value of E; begins to 
increase. However, such a procedure involves an increased value 
of N in order to satisfy equation (xi), and consequently it may 
cause an increase in H2 owing to the relation between N and R 
pointed out in the preceding paragraph. In such a case the gain 
in precision due to a decreased value of P: would be nearly bal- 
anced by an increased value of Ps. 

In common practice the instrument is so adjusted that H is 
equal to the horizontal component of the earth’s magnetic field 
at the time and place of observation. Unless H is very carefully 
determined at the exact location of the instrument, ZL; is likely 


to be as large as 0.005 avne and, since the order of magnitude 
itt 


of Hf is about 0.2 ame 
cm 


Hence both P, and P; will be negligible in comparison with P, if 
they satisfy the relation 


Py = Pasa = 0.0059, 


P, will be approximately equal to 0.025. 
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Under ordinary conditions R and ¢ can be easily determined within 
the above limit. Consequently, in the supposed case, 
Po = P; = 2.5 per cent, 


and it would be useless to attempt an improvement in precision 
by adjusting the values of N, R, and ¢. With sufficient care in 
determining H, P, can be reduced to such an extent that it be- 
comes worth while to carry out the suggestions regarding the 
design and use of the instrument given by the foregoing theory. 
But when the value of H is assumed from measurements made in 
a neighboring location or is taken from tables or charts the per- 
centage error of J will be nearly equal to that of H regardless of 
the adopted values of R and ¢. Under such conditions Po can- 
not be exactly determined but it will seldom be less than two or 
three per cent of the measured magnitude of J. 

The above problem has been discussed somewhat in detail in 
order to illustrate the inconsistent results that are likely to be 
obtained in determining best magnitudes when the effects of the 
errors of some of the components are neglected. It is never 
safe to assume that the error of a component is negligible until 
its effect has been compared with that of the errors of the other 
components. 


III. 


Figure eleven is a diagram of the apparatus and connections 
commonly used in determining the internal resistance of a bat- 
tery by the condenser method. G is a ballistic galvanometer, 
C a condenser, R a known resistance, K, a charge and discharge 
key, Ke a plug or mercury key, and B a battery to be tested. 

Let x; represent the ballistic throw of the galvanometer when 
the condenser is charged and discharged with the key Ke open, 
and a: the corresponding throw when Kz is closed. Then the 
internal resistance My) of the battery may be computed by the 
relation 
2. 


(PR ees 


Xo 


(xv) 


Under ordinary conditions the probable errors of 2; and 2 
cannot be made much less than one-half of one per cent of the 
observed throws when a telescope, mirror, and scale are used. On 
the other hand the probable error of R should not exceed one-tenth 
of one per cent if a suitably calibrated resistance is used and the 
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connections are carefully made. When these conditions are ful- 
filled, it can be easily proved that the effect of the error of R is 
negligible in comparison with that of the errors of x, and 2. 
Furthermore any convenient value can be assigned to #, such 


Fia. 11. 


that (xv) will be satisfied whatever the values of x; and 22. Con- 
sequently R may be treated as a free component and the throws 
x1 and x2 as independent variables. 

For the purpose of determining the magnitudes of the com- 
ponents R, x1, and x2 that correspond.to a minimum value of the 
fractional error Py of Ro, we have by equations (150) and (xv) 


1 Hi : 
; De poe comee ameter (ca). (xvi) 
Consequently 
OT, 1 eed oe 1 
Oa,  (%1—42)?? Om, (a1 — 22)?” 
OT, 1 OT. ry — 224% 


Ox2 a (71 — 22)?’ 8x2. ar Chie Le)? 
Since x, and 2x2 are independent, K must be taken equal to zero 
in the minimum conditions (153). Hence, dividing the first two 
equations by 71, we have 


i 2 V1 1 
eer eons fo eka aro, 1() 
(G14 — Xe)? EC ; é 
1 2 X41 re = 2105 


eee 3 iy Se SSS I SV) 
(x1 — 2X2)? i tte (fy — va)? - 


where EZ; and FE, are the probable errors of x; and 22, respectively. 
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as 2 
Multiply each of these equations by — ae and they as- 
sume the simple form 
az EY? 
= = Ee = 0, (a) 
wv 3 232 Hy 
ving teeta, ) 


Since E,? and E,2 are always positive, it is obvious that there 
are no values of x; and 22 that will satisfy both of these equations 
at the same time. Hence, when 2; and 2x2 can be varied inde- 
pendently, they cannot be so chosen that the fractional error Po 
will be a minimum. However, if x2 is kept constant at any as- 
signed value, Py will pass through a minimum when 7; satisfies 
equation (a). On the other hand if any constant value is assigned 
to x; the minima and maxima of Py will correspond to the roots 
of equation (b). 

In practice x; is the throw of the galvanometer needle due to 
the electromotive force of the battery when on open circuit; and 
it is very nearly constant, during a series of observations, when 
suitable precautions are taken to avoid the effects of polariza- 
tion. Both x, and zz can be varied by changing the capacity 
of the condenser or the sensitiveness of the galvanometer, but 
their ratio depends only on the ratio of Ry to R. Consequently, 
if any convenient magnitude is assigned to 21, the root of equa- 
tion (b) that corresponds to a minimum value of Po gives the 
best magnitude for the component 2». 

Since x; and 2 are similar quantities, determined with the same 
instruments and under the same conditions, H, is generally equal 


to Hy. Hence, if we replace the ratio = by y, equation (b) be- 
5 
comes 


Ge IAT Veal “Eb 
The only real root of this equation is 
y = 2.2056, 
By equations (151) and (xvi) 
EY a? Bee 
es ree) ee oa (= La)? 
Putting E,=E,=E and = =, 
Pe oy +y 


BP ae (y— 1)? 
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Since 2; is necessarily greater than 22, y cannot be less than unity. 
Under this condition it can be easily proved by trial that 2 
approaches a minimum as y approaches the value given above, 
provided any constant value is assigned to 2}. 

Equation (xv) may be put in the form 


ko = Ry — 1), 


and, by introducing the value of y given by the minimum condi- 
tion (b’), we have 


Consequently the greatest attainable precision in the determina- 
tion of Ry will be obtained when F& is made equal to about eighty 
three per cent of Ry. If R&R is adjusted to this value x; and 2, will 
satisfy equation (b), whatever the magnitude of the capacity used, 
provided the observations are so made that H; and EF, are equal. 

When the internal resistance of the battery is very low it is 
sometimes impracticable to fulfill the above theoretical conditions 
because the errors due to polarization are likely to more than off- 
set the gain in precision corresponding to the theoretically best 
magnitudes of the components. In such cases a high degree of 
precision is not attainable, but it is generally advisable to make R 
considerably larger than Fy in order to reduce polarization errors. 

86. Sensitiveness of Methods and Instruments.— The pre- 
cision attainable in the determination of directly measured com- 
ponents depends very largely on the sensitiveness of indicating 
instruments and on the methods of adjustment and observation. 
The design and construction of an instrument fixes its intrinsic 
sensitiveness; but its effective sensitiveness, when used as an indi- 
cating device, depends on the circumstances under which it is used 
and is frequently a function of the magnitudes of measured quan- 
tities and other determining factors. Thus; the intrinsic sensi- 
tiveness of a galvanometer is determined by the number of 
windings in the coils, the moment of the directive couple, and 
various other factors that enter into its design and construction. 
On the other hand its effective sensitiveness as an indicator in a 
Wheatstone Bridge is a function of the resistances in the various 
arms of the bridge and the electromotive force of the battery 
used. An increase in the intrinsic sensitiveness of an instrument 
may cause an increase or a decrease in its effective sensitiveness, 
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depending on the nature of the corresponding modification in 
design and the circumstances under which the instrument is 
used. 

By a suitable choice of the magnitudes of observed components 
and other determining factors it is sometimes possible to increase 
the effective sensitiveness of indicating instruments and hence 
also the precision of the measurements. On the other hand, 
as pointed out in Chapter XI, the precision of measurements 
should not be greater than that demanded by the use to which 
they are to be put. In all cases the effective sensitiveness of 
instruments and methods should be adjusted to give a result 
definitely within the required precision limits determined as in 
Chapter XI. Consequently the best magnitudes for the quan- 
tities that determine the effective sensitiveness are those that 
will give the required precision with the least labor and expense. 
The methods by which such magnitudes can be determined depend 
largely on the nature of the problem in hand, and a general treat- 
ment of them is quite beyond the scope of the present treatise. 
Each separate case demands a somewhat detailed discussion of 
the theory and practice of the proposed measurements and only 
a single example can be given here for the purpose of illustration. 

Since the potentiometer method of comparing electromotive 
forces has been quite fully discussed in article eighty-one, it will 
be taken as a basis for the illustration and we will proceed to find 
the relation between the effective sensitiveness of the galvanom- 
eter and the various resistances and electromotive forces involved. 
Since the directly observed components in this method are the 
resistances Rf, and Re, the effective sensitiveness is equal to the 
galvanometer deflection corresponding to a unit fractional devia- 
tion of R, or Re from the condition of balance. 

From the discussion given in article eighty-one it is evident that 
the potentiometer method could be carried out with any conven- 
ient values of the resistances R; and R, provided they are so ad- 


justed that the ratio R. satisfies equation (ii) in the cited article. 
; C 


The absolute magnitudes of these resistances depend on the electro- 
motive force of the battery B; and the total resistance of the cir- 
cuit 1, 2, 3, B3, 1 in Fig. 10. The effective sensitiveness of the 
method, and hence the accuracy attainable in adjusting the con- 
tacts 2 and 3 for the condition of balance, depends on the above 
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factors together with the resistance and intrinsic sensitiveness of 
the galvanometer. 

Since A, and Re are adjusted in the same way and under the 
same conditions, the effective sensitiveness of the method is the 
same for both. Consequently only one of them will be considered 
in the present discussion, but the results obtained will apply with 
equal rigor to either. The essential parts of the apparatus and 
connections are illustrated in Fig. 12, which is the same as Fig. 10 
with the battery B, and its connections omitted. 


Let V =e.m.f. of battery B:, 

E = e.m.f. of battery Bs, 

R = resistance between 1 and 2, 

W = total resistance of the circuit 1, 2, Bs, 1, 
G = total resistance of the branch 1, G, Bu, 2, 
I = current through B;, 

r = current through R, 

g = current through B, and G. 


When the contact 2 is adjusted to the balance position 
E V 
g=0, r=I, and a RB 
Consequently 


This is the fundamental equation of the potentiometer and must 
be fulfilled in every case of balance. Consequently # must be 
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chosen larger than V because R is a part of the resistance in the 
circuit 1, 2, Bs, 1, and hence is always less than W. Equation 
(xvii) may then be satisfied by a suitable adjustment of FR. 


By applying Kirchhoff’s laws to the circuits 1, G, Bi, 2, 1, and , 


1, 2, B3, 1, when the contact 2 is not in the balanee position, we 
have 


Rr—Gg=V, 
and Rr+(W-—R)I=E. 
But r=I—4g. 
Hence RI-(R+GQ4)g= VJ, 
and WI-Rkg=E. 


Eliminating J and solving for g we find 


~~ WV RE 
as ns a en LK! 


If D is the galvanometer deflection corresponding to the current 
g and K is the constant of the instrument 


g = KD. 


Most galvanometers are, or can be, provided with interchange- 
able coils. The winding space in such coils is usually constant, 
but the number of windings, and hence the resistance, is variable. 
Under these conditions the resistance of the galvanometer will be 
approximately proportional to the square of the number of turns 
of wire in the coils used. For the purpose of the present discussion, 
this resistance may be assumed to be equal to G since the resist- 
ance of the battery and connecting wires in branch 1, G, By, 2, 
can usually be made very small in comparison with that of the 
galvanometer. The constant K is inversely proportional to the 
number of windings in the coils used. Consequently, as a suffi- 
ciently close approximation for our present purpose, we have 


(xviii) 


where T' is a constant determined by the dimensions of the coils, 
the moment of the directive couple, and various other factors 
depending on the type of galvanometer adopted. Hence, for any 
given instrument, 

p=vé 


= aye q. ' (xix) 
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, 2 ACES Se 
The quantity ps the intrinsic sensitiveness of the galvanometer. 


It is equal to the deflection that would be produced by unit current 
if the instrument followed the same law for all values of g. 
By equation (xix) and (xviii) 
VG qe! Ve RES 
T R—-WR-WG 
The variation in D due to a change dR in R is 


aD, __ VG E(R?—WR-WG@)+(WV—RE) 2R-W) 
aR iF (R?—WR-WG) 


When the potentiometer is adjusted for a balance, D is equal to 
zero and WV is equal to RE by equation (xvii). Hence, if 6 is the 
galvanometer deflection produced when the resistance R is changed 
from the balancing value by an amount dR, equation (xx) may 
be put in the form 


Be 


dR. (xx) 


$=7-—— is aeeeee Tet 
2 espees 
R (1 z) + RG 
The fractional change in #& corresponding to the total change dR 
is 
dR 
Pex > 
Consequently 
VVG 


) P, 


et 
te (xxi) 


R (1 . 7) +G 
is the galvanometer deflection corresponding to a fractional error 
P, in the adjustment of & for balance. The coefficient of P, in 
equation (xxi) is the effective sensitiveness of the method under 
the given conditions. If this quantity is represented by S, equa- 
tion (xxi) becomes 


5 = SP,, 
oe i. VVG 
S=7° i (xxii) 
R(1-5)+ 


All of the quantities appearing in the right-hand member of this 
equation may be considered as independent variables since equa- 
tion (xvii) can always be satisfied, and hence the potentiometer 
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can be balanced, when R, V, and # have any assigned values, if 
the resistance W is suitably chosen. 

If 6’ is the smallest galvanometer deflection that can be defi- 
nitely recognized with the available means of observation, the frac- 
tional error P,’ of a single observation on R should not be greater 
than $- Since the precision attainable in adjusting the potentiom- 
eter for balance is inversely proportional to P,’, it is directly pro- 
portional to the effective sensitiveness S. By choosing suitable 
magnitudes for the variables 7, G, R, and E, it is usually possible 
to adjust the value of S, and hence also of P,’, to meet the re- 
quirements of any problem. 

From equation (xxii) it is evident that S will increase in magni- 
tude continuously as the quantities 7, R, and H decrease and that 
it does not pass through a maximum value. The practicable in- 
crease in S is limited by the following considerations: H must be 
greater than V, for the reason pointed out above, and its variation 
is limited by the nature of available batteries. Since H must 
remain constant while the potentiometer is being balanced alter- 
nately against V and the electromotive force of a standard cell, 
as explained in article eighty-one, the battery B; must be capable 
of generating a constant electromotive force during a considerable 
period of time. In practice storage cells are commonly used for 
this purpose and EF may be varied by steps of about two volts by 
connecting the required number of cells in series. Obviously H 
should be made as nearly equal to V as local conditions permit. 

When the potentiometer is balanced 


V e&E 
Re Wee 


If R is reduced for the purpose of increasing the effective sensitive- 
ness, W must also be reduced in like ratio, and, consequently, the 
current J through the instrument will be increased. The prac- 
tical limit to this adjustment is reached when the heating effect 
of the current becomes sufficient to cause an appreciable change 
in the resistances R and W. With ordinary resistance boxes this 
limit is reached when J is equal to a few thousandths of an ampere. 
Consequently, if # is about two volts, R should not be made much 
less than one thousand ohms. Resistance coils made expressly 
for use in a potentiometer can be designed to carry a much larger 


oe es 
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current so that R may be made less than one hundred ohms with- 
out introducing serious errors due to the heating effect of the 
current. 

The constant T depends on the type and design of the galva- 
nometer. In the suspended magnet type it can be varied some- 
what by changing the strength of the external magnetic field, and 
in the D’Arsonval type the same result may be attained by chang- 
ing the suspending wires of the movable coil. The effects of the 
vibrations of the building in which the instrument is located and 
of accidental changes in the external magnetic field become much 
more troublesome as T' is decreased, i.e., as the intrinsic sensitive- 
ness is increased. Consequently the practical limit to the reduc- 
tion of T is reached when the above effects become sufficient to 
render the observation of small values of 6 uncertain. This limit 
will depend largely on the location of the instrument and the care 
that is taken in mounting it. Sometimes a considerable reduc- 
tion in JT can be effected by selecting a type of galvanometer 
suited to the local conditions. 

If the quantities T, R, V, and EF are kept constant, S passes 
through a maximum value when G satisfies the condition 


as 
aq ~ 2 


It can be easily proved by direct differentiation that this is the 
case when 
G= R(1 — 7): (xxiii) 


Hence, after suitable values of the other variables have been de- 
termined as outlined above, the best magnitude for G is given by 
equation (xxiii). Generally this condition cannot be exactly ful- — 
filled in practice unless a galvanometer coil is specially wound for 
the purpose; but, when several interchangeable coils are available, 
the one should be chosen that most nearly fulfills the condition. 
In some galvanometers JT and G cannot be varied independently, 
and in such cases suitable values can be determined only by trial. 
Since the ease and rapidity with which the observations can be 
made increase with 77, it is usually advisable to adjust the other 
variables to give the greatest practicable value to the second 
factor in S, and then adjust 7 so that the effective sensitiveness 
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will be just sufficient to give the required precision in the deter- 
mination of R. 

As an illustration consider the numerical data given in article 
eighty-one. It was proved that the specified precision require- 
ments cannot be satisfied unless R is determined within a frac- 
tional precision measure equal to + 0.00063. Allowing one-half 
of this to errors of calibration we have left for the allowable error 
in adjusting the potentiometer 

P,’ = 0.00031. 


If a single storage cell is used at B;, H is approximately two volts, 
and, with ordinary resistance boxes, & should be about one thou- 
sand ohms, for the reason pointed out above. This condition is 
fulfilled by the cited data; and, for our present purpose, it will be 
sufficiently exact to take V equal to one volt. Hence, by equa- 
tion (xxiii), the most advantageous magnitude for G is about 
five hundred ohms; and, by equation (xxii), the largest practi- 
cable value for the second factor in S is 


With a mirror galvanometer of the D’Arsonval type, read by 
telescope and scale, a deflection of one-half a millimeter can be 
easily detected. Consequently, if we express the galvanometer 
constant K in terms of amperes per centimeter deflection, we must 
take 6’ equal to 0.05 centimeter; and, in order to fulfill the specified 
precision requirements, the effective sensitiveness must satisfy the 


condition 
et gan 0.05 
PZ 0.00031 
Combining this result with the above maximum value of ST’ we 
find that the intrinsic sensitiveness must be such that 
0.0224. 
Dee 161 


Hence the galvanometer should be so constructed and adjusted 
that 


= 161. 


= 1.4x 10. 


G = 500 ohms, 
and 


' 
K= 7A = 6.2 X 10 amperes per centimeter deflection. 
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D’Arsonval galvanometers that satisfy the above specifications 
can be very easily obtained and are much less expensive than 
more sensitive instruments. They are so nearly dead-beat and 
free from the effects of vibration that the adjustment of the poten- 
tiometer for balance can be easily and rapidly carried out with 
the necessary precision. Hence the use of such an instrument 
reduces the expense of the measurements without increasing the 
errors of observation beyond the specified limit. 


CHAPTER XIII. 
RESEARCH. 


87. Fundamental Principles. — The word research, as used 
by men of science, signifies a detailed study of some natural 
phenomenon for the purpose of determining the relation between 
the variables involved or a comparative study of different phe- 
nomena for the purpose of classification. The mere execution of 
measurements, however precise they may be, is not research. On 
the other hand, the development of suitable methods of measure- 
ment and instruments for any specific purpose, the estimation of 
unavoidable errors, and the determination of the attainable limit 
of precision frequently demand rigorous and far-reaching research. 
As an illustration, it is sufficient to cite Michelson’s determination 
of the length of the meter in terms of the wave length of light. A 
repetition of this measurement by exactly the same method and 
with the same instruments would involve no research, but the 
original development of the method and apparatus was the result 
of careful researches extending over many years. 

The first and most essential prerequisite for research in any field 
isanidea. The importance of research, as a factor in the advance- 
ment of science, is directly proportional to the fecundity :of the 
underlying ideas. 

A detailed discussion of the nature of ideas and of the conditions 
necessary for their occurrence and development would lead us too 
far into the field of psychology. They arise more or less vividly 
in the mind in response to various and often apparently trivial 
circumstances. Their inception is sometimes due to a flash of 
intuition during a period of repose when the mind is free to respond 
to feeble stimuli from the subconscious. Their development and 
execution generally demand vigorous and sustained mental effort. 
Probably they arise most frequently in response to suggestion or 
as the result of careful, though tentative, observations. 

A large majority of our ideas have been received, in more 
or less fully developed form, through the spoken or written dis- 


course of their authors or expositors. Such ideas are the common 
192 
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heritage of mankind, and it is one of the functions of research to 
correct and amplify them. On the other hand, original ideas, 
that may serve as a basis for effective research, frequently arise 
from suggestions received during the study of generally accepted 
notions or during the progress of other and sometimes quite differ- 
ent investigations. 

The originality and productiveness of our ideas are determined 
by our previous mental training, by our habits of thought and 
action, and by inherited tendencies. Without these attributes, 
an idea has very little influence on the advancement of science. 
Important researches may be, and sometimes are, carried out by 
investigators who did not originate the underlying ideas. But, 
however these ideas may have originated, they must be so thor- 
oughly assimilated by the investigator that they supply the stim- 
ulus and driving power necessary to overcome the obstacles that 
inevitably arise during the prosecution of the work. The driving 
power of an idea is due to the mental state that it produces in the 
investigator whereby he is unable to rest content until the idea 
has been thoroughly tested in all its bearings and definitely proved 
to be true or false. It acts by sustaining an effective concentra- 
tion of the mental and physical faculties that quickens his in- 
genuity, broadens his insight, and increases his dexterity. 

In order to become effective, an idea must furnish the incentive 
for research, direct the development of suitable methods of pro- 
cedure, and guide the interpretation of results. But it must 
never be dogmatically applied to warp the facts of observation 
into conformity with itself. The mind of the investigator must 
be as ready to receive and give due weight to evidence against 
his ideas as to that in their favor. The ultimate truth regarding 
phenomena and their relations should be sought regardless of 
the collapse of generally accepted or preconceived notions. From 
this point of view, research is the process by which ideas are 
tested in regard to their validity. 

88. General Methods of Physical Research. — Researches 
that pertain to the physical sciences may be roughly classified 
in two groups: one comprising determinations of the so-called 
physical constants such as the atomic weights of the elements, the 
velocity of light, the constant of gravitation, etc.; the other 
containing investigations of physical relations such as that which 
connects the mass, volume, pressure, and temperature of a gas. 
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The researches in the first group ultimately reduce to a careful 
execution of direct or indirect measurements and a determination 
of the precision of the results obtained. The general principles 
that should be followed in this part of the work have been suffi- 
ciently discussed in preceding chapters. Their application to prac- 
tical problems must be left to the ingenuity and insight of the 
investigator. Some men, with large experience, make such appli- 
cations almost intuitively. But most of us must depend on a 
more or less detailed study of the relative capabilities of available 
methods to guide us in the prosecution of investigations and in 
the discussion of results. 

In general, physical constants do not maintain exactly the same 
numerical value under all circumstances, but vary somewhat with 
changes in surrounding conditions or with lapse of time. Thus 
the velocity of light is different in different media and in dispersive 
media it is a function of the frequency of the vibrations on which 
it depends. Consequently the determination of such constants 
should be accompanied by a thorough study of all of the factors 
that are likely to affect the values obtained and an exact specifica- 
tion of the conditions under which the measurements are made. 
Such a study frequently involves extensive investigations of the 
phenomena on which the constants depend and it should be 
carried out by very much the same methods that apply to the 
determination of physical relations in general. On the other 
hand, the exact expression of a physical relation generally involves 
one or more constants that must be determined by direct: or in- 
direct measurements. Hence there is no sharp line of division 
between the first and second groups specified above, many re- 
searches belonging partly to one group and partly to the other. 

The occurrence of any phenomenon is usually the result of the 
coexistence of a number of more or less independent antecedents. 
Its complete investigation requires an exact determination of the 
relative effect of each of the contributary causes and the develop- 
ment of the general relation by which their interaction is expressed. 
A determination of the nature and mode of action of all of the 
antecedents is the first step in this process. Since it is gen- 
erally impossible to derive useful information by observing the 
combined action of a number of different causal factors, it becomes 
necessary to devise means by which the effects of the several 
factors can be controlled in such manner that they can be studied 
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separately. The success of researches of this type depends very 
largely on the effectiveness of such means of control and the 
accuracy with which departures from specified conditions can be 
determined. 

Suppose that an idea has occurred to us that a certain phenome- 
non is due to the interaction of a number of different factors that 
we will represent by A, B, C,...,P. This idea may involve 
a more or less definite notion regarding the relative effects of the 
several factors or it may comprehend only a notion that they are 
connected by some functional relation. In either case we wish 
to submit our idea to the test of careful research and to determine 
the exact form of the functional relation if it exists. 

The investigation is initiated by making a series of preliminary 
observations of the phenomenon corresponding to as many vari- 
ations in the values of the several factors as can be easily effected. 
The nature of such observations and the precision with which they 
should be made depend so much on the character of the problem 
in hand that it would be impossible to give a useful general dis- 
cussion of suitable methods of procedure. Sometimes roughly 
quantitative, or even qualitative, observations are sufficient. In 
other cases a considerable degree of precision is necessary before 
definite information can be obtained. In all cases the observa- 
tions should be sufficiently extensive and exact to reveal the gen- 
eral nature and approximate relative magnitudes of the effects 
produced by each of the factors. They should also serve to detect 
the presence of factors not initially contemplated. 

With the aid of the information derived from preliminary obser- 
vations and from a study of such theoretical considerations as 
they may suggest, means are devised for exactly controlling the 
magnitude of each of the factors. Methods are then developed 
for the precise measurement of these magnitudes under the con- 
ditions imposed by the adopted means of control. This process 
often involves a preliminary trial of several different methods 
for the purpose of determining their relative availability and pre- 
cision. The methods that are found to be most exact and con- 
venient usually require some modification to adapt them to the 
requirements of a particular problem. Sometimes it becomes 
necessary to devise and test entirely new methods. During this 
part of the investigation the discussions of the precision of meas- 
urements given in the preceding chapters find constant applica- 
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tion and it is largely through them that the suitableness of 
proposed methods is determined. 

After definite methods of measurement and means of control 
have been adopted and perfected to the required degree of pre- 
cision, the final measurements on the factors, A, B, C,... , P, 
are carried out under the conditions that are found to be most 
advantageous. Usually two of the factors, say A and B, are 
caused to vary through as large a range of values as conditions 
will permit while the other factors are maintained constant at 
definite observed values. At stated intervals the progress of the 
variation is arrested and corresponding values of A and B are 
measured while they are kept constant. From a sufficiently 
extended series of such observations it is usually possible to make 
an empirical determination of the form of the functional relation 


At= f1(B)3~ Cy, Do 6, bconstant, (i) 


On the other hand, if the form of the function f; is given as a 
theoretical deduction from the idea underlying the investigation, 
the observations serve to test the exactness of the idea and de- 
termine the magnitudes of the constants involved in the given 
function. By allowing different factors to vary and making 
corresponding measurements, the relations 
A’'=%(C); B,D, .-.!, P, constant, 
: : Beg Fe A : : (ii) 
A= fj, (f)°9 BG, Dee CORSA Gs 
may be empirically determined or verified. As many functions of . 
this type as there are pairs of factors might be determined, but 
usually it is not necessary to establish more than one relation for 
each factor. Generally it is convenient to determine one of the 
factors as a function of each of the others as illustrated above; 
but it is not necessary to do so, and sometimes the determination 
of a different set of relations facilitates the investigation. 
During the establishment of the relation between any two 
factors all of the others are supposed to remain rigorously con- 
stant. Frequently this condition cannot be exactly fulfilled with 
available means of control, but the variations thus introduced 
can usually be made so small that their effects can be treated as 
constant errors and removed with the aid of the relations after- 
wards found to exist between the factors concerned, For this 
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purpose frequent observations must be made on the factors that 
are supposed to remain constant during the measurement of the 
two principal variables. If the variations in these factors are not 
very small all of the relations determined by the principal measure- 
ments will be more or less in error and must be treated as first 
approximations. Usually such errors can be eliminated and the 
true relations established with sufficient precision, by a series of 
Successive approximations. However, the weight of the final 
result increases very rapidly with the effectiveness of the means of 
control and it is always worth while to exercise the care necessary 
to make them adequate. 

When the functions involved in equations (i) and (ii), or their 
equivalents in terms of other combinations of factors, have been 
determined with sufficient precision, they can usually be com- 
bined into a single relation, in the form 


PAN ae MD Cet) nor al); ws 
or (iii) 

PAD Gy Dee , P) =0, 
which expresses the general course of the investigated phenomenon 
in response to variations of the factors within the limits of the 
observations. Such generalizations may be purely empirical or 
they may rest partly or entirely on theoretical deductions from 
well-established principles. In either case the test of their validity 
lies in the exactness with which they represent observed facts. 
While an exact empirical formula finds many useful applications 
in practical problems it should not be assumed to express the true 
physical nature of the phenomenon it represents. In fact our 
understanding of any phenomenon is but scanty until we can 
represent its course by a formula that gives explicit or implicit 
expression to the physical principles that underlie it. Conse- 
quently a research ought not to be considered complete until the 
investigated phenomenon has been classified and represented by a 
function that exhibits the physical relations among its factors. 
It is scarcely necessary to point out that a complete research 
as outlined above is seldom carried out by one man and that the 
underlying ideas very rarely originate at the same time or in the 


- game person. The preliminary relations in the form of equations 


(i) and (ii) are frequently inspired by independent ideas and 
worked out by different men. The exact determination of any 
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one of them constitutes a research that. is complete so far as it 
goes. The establishment of the general relation that compre- 
hends all of the others and the interpretation of its physical signifi- 
cance are generally the result of a process of gradual growth and 
modification to which many men have contributed. 

89. Graphical Methods of Reduction. — After the necessary 
measurements have been completed and corrected for all known 
constant errors, the form of the functions appearing in equations 
(i) and (ii), or other equations of similar type, and the numerical 
value of the constants involved can sometimes be determined 
easily and effectively by graphical methods. Such methods are 
almost universally adopted for the discussion of preliminary obser- 
vations and the determination of approximate values of the con- 
stants. In some cases they are the only methods by which the 
results of the measurements can be expressed. In some other 
cases the constants can be more exactly determined by an appli- 
cation of the method of least squares to be described later. Usu- 
ally, however, the general form of the functions and approximate 
values of the constants must first be determined by graphical 
methods or otherwise. 

Let x and y represent the simultaneous values of two variable 
factors corresponding to specified constant values of the other 
factors involved in the phenomenon under investigation. Suppose 
that x has been varied by successive nearly equal steps through 
as great a range as conditions permit and that the simultaneous 
values x and y have been measured after each of these steps while 
the factors that they represent were kept constant. If all other 
factors have remained constant throughout these operations, the 
above series of measurements on x and y may be applied at once 
to the determination of the form and constants of the functional 
relation 


y =f (a). (iv) 


This expression is of the same type as equations (i) and (ii). 
Consequently the following discussion applies generally to all 
cases in which there are only two variable factors. If the sup- 
posedly constant factors are not strictly constant during the 
measurements, the observations on x and y will not give the true 
form of the function in (iv) until they have been corrected for 
the effects of the variations thus introduced. 


hy KENTA YE SS 
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As the first step in the graphical method of reduction, the 
observations on « and y are laid off as abscisse and ordinates on 
accurately squared paper, and the points determined by corre- 
sponding codrdinates are accurately located with a fine pointed 
needle. The visibility of these points is usually increased by 
drawing a small circle or other figure with its center exactly at 
the indicated point. The scale of the plot should be so chosen 
that the form of the curve determined by the located points is 
easily recognized by eye. In order to bring out the desired rela- 
tion, it is frequently necessary to adopt a different scale for ordi- 
nates and abscisse. Usually it is advantageous to choose such 
scales that the total variations of x and y will be represented by 
approximately equal spaces. Thus, if the total variation of y is 
numerically equal to about one-tenth of the corresponding vari- 
ation of x, the y’s should be plotted to a scale approximately ten 
times as large as that adopted for the z’s. In all cases the adopted 
scales should be clearly indicated by suitable numbers placed at 
equal intervals along the vertical and horizontal axes. Letters 
or other abbreviations should be placed near the ends of the axes 
to indicate the quantities represented. 

The points thus located usually lie very nearly on a uniform 
curve that represents the functional relation (iv). Consequently 
the problem in hand may be solved by determining the equation 
of this curve and the numerical value of the constants involved 
in it. Sometimes it is impossible or inadvisable to carry out such 
a determination in practice and in such cases the plotted curve 
is the only available means of representing the relation between 
the observed factors. In all cases the deviations of the located 
points from the uniform curve represent the residuals of the 
observations, and, consequently, indicate the precision of the 
measurements on x and y. 

The simplest case, and one that frequently occurs in practice, is 
illustrated in Fig. 13. The plotted points lie very nearly on a 
straight line. Consequently the functional relation (iv) takes the 
linear form 


y =Ax+B, (v) 


where A is the tangent of the angle a between the line and the 


positive direction of the x axis, and B is the intercept OP on 
the y axis. For the determination of the numerical values of the 
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constants A and B, the line should be sharply drawn in such a 
position that the plotted points deviate from it about equally in 
opposite directions, i.e., the sum of the positive deviations should 
be made as nearly as possible equal to the sum of the negative 
deviations. If this has been carefully and accurately done, the 
constant B may be determined by a direct measurement of the 
intercept OP in terms of the scale used in plotting the y’s- 
y 


05 


te tsotalslaheletal alesis x 


Fie. 13. 


The constant A may be computed from measurements of the 
codrdinates x; and y; of any point on the line, not one of the plotted 
points, by the relation 

Vee 

nae 

If the position of the line is such that the point P does not fall 
within the limits of the plotting sheet, the codrdinates, x1, y; and 
X2, Y2, of two points on the line are measured. Since they must 
satisfy equation (v), 


A= 


= Ax + B, 
and 
Yo = Axe + B. 
Consequently 
A Ute? Onde Se ee 
oy = Bo: Uy Go 


The points selected for this purpose should be as widely separated 
as possible in order to reduce the effect of errors of plotting and 
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measurement. The accuracy of these determinations is likely to 
be greatest when the vertical and horizontal scales are so chosen 
that the line makes an angle of approximately forty-five degrees 
with the x axis. Space may sometimes be saved and the appear- 
ance of the plot improved by subtracting a constant quantity, 
nearly equal to B, from each of the y’s before they are plotted. 

Many physical relations are not linear in form. Perhaps none 
of them are strictly linear when large ranges of variation are con- 
sidered. Consequently the plotted points are more likely to lie 
nearly on some regular curve than on a straight line. In such 
cases the form of the functional relation (iv) is sometimes sug- 
gested by theoretical considerations, but frequently it must be 
determined by the method of trial and error or successive approxi- 
mations. For this purpose the curve representing the observa- 
tions is compared with a number of curves representing known 
equations. The equation of the curve that comes nearest to the 
desired form is modified by altering the numerical values of its 
constants until it represents the given measurements within the 
accidental errors of observation. Frequently several different 
equations and a number of modifications of the constants must 
be tried before satisfactory agreement is obtained. 

When the desired relation does not contain more than two inde- 
pendent constants, it can sometimes be reduced to a linear relation 
between simple functions of x and y. Thus, the equation 


y = Bea (vi) 


represented by the curve in Fig. 14, is frequently met with in 
physical investigations. By inverting (vi) and introducing log- 
arithms, we obtain the relation 


log. y =log. B — Az. 


Hence if the logarithms of the y’s are laid off as ordinates against 
the corresponding 2’s as abscissz, the located points will lie very 
nearly on a straight line if the given observations satisfy the func- 
tional relation (vi). When this is the case, the constants A and 
log. B may be determined by the methods developed during the 
discussion of equation (v). If logarithms to the base ten are 
used the above equation becomes 


A 
logio y = logio B — uu” 


202 THE THEORY OF MEASUREMENTS _ [Agrrt. 89 


where M is the modulus of the natural system of logarithms. In 


A , 
this case the plot gives the values of logio B and M from which 


the constants A and B can be easily computed. When the plotted 
points do not lie nearer to a straight line than-to any other curve, 
y 


Fig. 14. 


equation (vi) does not represent the functional relation between 
the observed factors and some other form must be tried. Many 
of the commonly occurring forms may be treated by the above 
method and ithe process is usually so simple that further illustra- 
tion seems unnecessary. 

The curve determined by plotting the x’s and y’s directly fre- 
quently exhibits points of discontinuity or sharp bends as at p 
and qin Fig. 15. Such irregularities are generally due to changes 
in the state of the material under investigation. The nature and 
causes of such changes are. frequently determined, or at least 
suggested, by the location and character of such points. The 
different branches of the curve may correspond to entirely differ- 
ent equations or to equations in the same form but with different 
constants. In either case the equation of each branch must be 
determined separately. 

_ The accuracy attainable by graphical methods depends very 
largely on the skill of the draughtsman in choosing suitable scales 
and executing the necessary operations. In many cases the errors 
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due to the plot are less than the errors of observation and it would 
be useless to adopt a more precise method of reduction. When 
the means of control are so well devised and effective that the 
constant errors left in the measurements are less than the errors 
of plotting it is probably worth while to make the reductions by 
the method of least squares, as explained in the following article. 


Tra. 15. 


PATS aha 
Al {| MBit 
) 

oo. Application of the Method of Least Squares. — In the 
case of linear relations, expressible in the form of equation (v), 
the best values of the constants A and B can be very easily deter- 
mined by applying the method of least squares in the manner 
explained in article fifty-one. However, as pointed out in the 
preceding article, very few physical relations are strictly linear 
when large variations of the involved factors are considered. 
Consequently a straight line, corresponding to constants deter- 
mined as above, usually represents only a small part of the course 
of the investigated phenomenon. Such a line is generally a short 
chord of the curve that represents the true relation and conse- 
quently its direction depends on the particular range covered by 
the observations from which it is derived. . 

When the measurements are extended over a sufficiently wide 
range, the points plotted from them usually deviate from a straight 
line in an approximately regular manner, as illustrated in Fig. 16, 
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and lie very near to a continuous curve of slight curvature. Meas- 
urements of this type can always be represented empirically by a 
power series in the form 

y =A -- Br Ci -- er, (vii) 
the number of terms and the signs of the constants depending on 
the cee and sign of the curvature to be represented. 


ra 


a 


JOBS aaa eee 
mere ee peta LY 


Since equation (vii) is linear with respect to the constants A, B, 
C, etc., they might~be computed directly from the observations 
on x and y by the method of least squares. Usually, however, 
the computations can be simplified by introducing approximate 
values of the constants A and B. Thus, let A’ and B’ represent 
two numerical quantities so chosen that the line 

y’ = vA + B'z 
passes in the same general direction as the plotted points, in the 
manner illustrated by the dotted line in Fig. 16. The difference 
between y and y’ can be put in the form 


2 
y—y' = (A= A) MB = Bd WC a -<+, (viii) 


where M,, Mz, etc., represent numerical constants so chosen that 


2 
the quantities y — y’, re ne etc., are nearly of the same order 
1 2 
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of magnitude. For the sake of convenience let 
f uy t 
Dae Via e Bei 05 ee Or a: 
and a rah e) 
A A=) M(B — B) =27;> MC = a2,5; .... « 


The quantities s, b, c, ete., may be derived from the observations, 
with the aid of the assumed constants A’, B’, My, Mp, etc.; and 2, 
X2, £3, etc., are the unknowns to be computed by the method of 
least squares. After the above substitutions, equation (viii) takes 
the simple form 


1+ bre + cxg3+ +++ =8, 


which is identical with that of the observation equations (53), 
article forty-nine. As many equations of this type may be formed 
as there are pairs of corresponding measurements on x and, y. 

The normal equations (56) may be derived from the observation 
equations thus established, by the methods explained in articles 
fifty and fifty-three. Their final solution for the unknowns 2, x2, 
x3, etc., may be effected by Gauss’s method, developed in article 
fifty-four and illustrated in article fifty-five, or by any other con- 
venient method. The corresponding numerical values of the 
constants A, B, C, etc., may then be computed by equations (ix). 
These values, when substituted in (vii), give the required empirical 
relation between x and y. 

If a sufficient number of terms have been included in equation 
(vii), the relation thus established will represent the given measure- 
ments within the accidental errors of observation. The residuals, 
computed by equations (54), article forty-nine, and arranged in 
the order of increasing values of y, should show approximately as 
many sign changes as sign follows. When this is not the case 
the observed y’s deviate systematically from the values given by 
equation (vii) for corresponding «’s. In such cases the number of 
terms employed is not sufficient for the exact representation of the 
observed phenomenon, and a new relation in the same general 
form as the one already tested but containing more independent 
constants should be determined. This process must be repeated 
until such a relation is established that systematically varying 
differences between observed and computed y’s no longer occur. 

The observation equations used as a basis for the numerical 
illustration given in article fifty-five were derived from the follow- 
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ing observations on the thermal expansion of petroleum by equa- 
tions (viii) and (ix), taking 
A’=1000; B’=1; Mi=10; and Mz, = 1000. 


x y 
| temperature volume 


degrees cc, 
1000.24 
1018.82 
1038 .47 
1059.31 
1081.20 
1104.27 


The computations carried out in the cited article resulted as 
follows: 
xy = 0.245; X%2 = — 1.0003; %3 = 1.4022. 
Hence, by equations (ix) 
A = 1000.245; B = 0.89997; C = 0.0014022, 
and the functional relation (vii) becomes 
y = 1000.245 + 0.89997 - x + 0.0014022 - x?. 


The residuals corresponding to this relation, computed and tab- 
ulated in article fifty-five, show five sign changes and no sign 
follows. Such a distribution of signs sometimes indicates that the 
observed factors deviate periodically from the assumed functional 
relation. In the present case, however, the number of observa- 
tions is so small that the apparent indications of the residuals are 
probably fortuitous.. Consequently it would not be worth while 
to repeat the computations with a larger number of terms unless 
it could be shown by independent means that the accidental errors 
of the observations are less than the residuals corresponding to the 
above relation. 

Any continuous relation between two variables can usually be 
represented empirically by an expression in the form of equation 
(vii). However, it frequently happens that the physical signifi- 
cance of the investigated phenomenon is not suggested by such 
an expression but is represented explicitly by a function that is not 
linear with respect to either the variable factors or the constants 
involved. Such functions usually contain more than two inde- 
pendent constants and sometimes include more than two variable 
factors. They may be expressed by the general equation 


=P AyD y Coens ix, et) (154) 
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where A, B, C, etc., represent constants to be determined and (eae 
2, etc., represent corresponding values of observed factors. 

Sometimes the form of the function F is given by theoretical 
considerations, but more frequently it must be determined, to- 
gether with the numerical values of the constants, by the method 
of successive approximations. In the latter case a definite form, 
suggested by the graphical representation of the observations or 
by analogy with similar phenomena, is assumed tentatively as a 
first approximation. Then, by substituting a number of different 
corresponding observations on y, 2, z, etc., in (154), as many inde- 
pendent equations as there are constants in the assumed function 
are established. The simultaneous solution of these equations 
gives first approximations to the values of the constants A, B, C, 
etc. Sometimes the solution cannot be effected directly by means 
of the ordinary algebraic methods, but it can usually be accom- 
plished with sufficient accuracy either by trial and error or by 
some other method of approximation. 

Let A’, B’, C’, ete., represent approximate values of the con- 
stants and let 61, 62, 63, ete., represent their respective deviations 
from the true values. Then 

A = A’+ 6; B = B’ + 63; C= C’ + 53, etc., (155) 
and (154) may be put in the form 
y=F{(A'’+61), (B'+6:), (C'+53),...,2,2.-.$ &) 
If the 6’s are so small that their squares and higher powers may 
be neglected, expansion by Taylor’s Theorem ae 


P= FAB. ya2.- + +o rot on see 


? 


By putting 
ae: lfm, Fal Ales Coe tae. ht seen) 8 
Oh On ok (156) 
FICE eye Bere Cia ae 


and transposing, equation (xi) becomes 
a6, + bbe + c63 + ...=8. (157) 


As many independent equations of this type as there are sets of 
corresponding observations on y, 2, 2, etc., can be formed. The 
absolute term s and the coefficients a, 6, c, etc., in each equation 
are computed from a single set of observations by the relations 
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(156) with the aid of the approximate values A’, B’, C’, etc. Since 
the resulting equations are in the same form as the observation 
equations (53), the normal equations (56) may be found and 
solved by the methods described in Chapter VII. The values 
of 81, 52, 53, etc., thus obtained, when substituted in (155), give 
second approximations to the values of the constants A, B, C, 
etc. 

The accuracy of the second approximations will depend on the 
assumed form of the function F and on the magnitude of the correc- 
tions 51, 52, 63, etc. If these corrections are not small, the con- 
ditions underlying equation (xi) are not fulfilled and the results 
obtained by the above process may deviate widely from the correct 
values of the constants; but, except in extreme cases, they are 
more accurate than the first approximations A’, B’, C’, etc. Let 
A”, B”’, C”, ete., represent the second approximations. The 
corresponding residuals, 71, 2, ... Tn) may be computed by 
substituting different sets of corresponding observations on y, 
x, 2, etc., successively in the equation 


PCAC RB AOU i ch A trees \ eae rt (xii) 


where the function F’ has the same form that was used in comput- 
ing the corrections 61, 62, 63, etc. If these residuals are of the same 
order of magnitude as the accidental, errors of the observations 
and distributed in accordance with the laws of such errors, the 
functional relation 


4 eT WA BARTS <. CU pipes ie eee) (158) 


is the most probable result that can be derived from the given 
observations. 

Frequently the residuals corresponding to the second approxi- 
mations do not satisfy the above conditions. This may be due 
to the inadequacy of the assumed form of the function F, to 
insufficient precision of the approximations A”, B’’, C’’, etc., or 
to both of these causes. 

If the form of the function is faulty, the residuals usually show 
systematic and easily recognizable deviations from the distribu- 
tion characteristic of accidental errors. Generally the number of 
_sign follows greatly exceeds the number of sign changes, when the 
residuals are arranged in the order of increasing y’s, and opposite 
signs do not occur with nearly the same frequency. Sometimes 
the nature of the fault can be determined by inspecting the order 
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of sequence of the residuals or by comparing the graph correspond- 
ing to equation (158) with the plotted observations. After the 
form of the function F has been rectified, by the above means or 
otherwise, the computations must be repeated from the beginning 
and the new form must be tested in the same manner as its prede- 
cessor. This process should be continued until the residuals cor- 
responding to the second approximations give no evidence that 
the form of the function on which they depend is faulty. 

When the residuals, computed by equation (xii), do not suggest 
that the assumed form of the function F' is inadequate, but are 
large in comparison with the probable errors of the observations, 
the second approximations are not sufficiently exact. In such 
cases new equations in the form of (157) are derived by using A”, 
BY”, C”” etc., in place of A’, B’, C’, etc., in equations (156). The 
solution of the equations thus formed, by the method of least 
squares, gives the corrections 61’, 52’, 63’, etc., that must be applied 
to A”, B’’, C”, etc., in order to obtain the third approximations 

FAW = Ae + 61’; (BE = JE + 69’; C3 = Ce + 63’; ete. 
These operations must be repeated until the residuals correspond- 
ing to the last approximations are of the same order of magnitude 
as the accidental errors of the observations. 

Although an algebraic expression, that represents any given 
series of observations with sufficient precision, can usually. be de- 
rived by the foregoing methods, such a procedure is by no means 
advisable in all cases. In many investigations, a graphical repre- 
sentation of the results leads to quite as definite and trustworthy 
conclusions as the more tedious mathematical process. Conse- 
quently the latter method is usually adopted only when the former 
is inapplicable or fails to utilize the full precision of the observa- 
tions. In all cases the choice of suitable methods and the estab- 
lishment of rational conclusions is a matter of judgment and 
experience. 

gt. Publication.— Research does not become effective as a 
factor in the advancement of science until its results have been 
published, or otherwise reported, in intelligible and widely acces- 
sible form. It is the duty as well as the privilege of the investiga- 
tor to make such report as soon as he has arrived at definite 
conclusions. But nothing could be more inadvisable or untimely 
than the premature publication of observations that have not been 
thoroughly discussed and correlated with fundamental principles. 
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Until an investigation has progressed to such a point that it makes 
some definite addition to existing ideas, or gives some important 
physical constant with increased precision, its publication is likely 
to retard rather than stimulate the progress of science. On the 
other hand, free discussion of methods and preliminary results is 
an effective molder of ideas. 

The form of a published report is scarcely less important than 
the substance. The significance of the most brilliant ideas may 
be entirely masked by faulty or inadequate expression. Hence 
the investigator should strive to develop a lucid and concise style 
that will present his ideas and the observations that support 
them in logical sequence. Above all things he should remember 
that the value of a scientific communication is measured by the 
importance of the underlying ideas, not by its length. 

The author’s point of view, the problem he proposes to solve, 
and the ideas that have guided his work should be clearly defined. 
Theoretical considerations should be rigorously developed in so 
far as they have direct bearing on the work in hand. But general 
discussions that can be found in well-known treatises or in easily 
accessible journals should be given by reference, and the formule 
derived therein assumed without further proof whenever their 
rigor is not questioned. However, the author should always 
explain his own interpretation of adopted formule and point out 
their significance with respect to his observations. Due weight | 
and credit should be given to the ideas and results of other workers 
in the same or closely related fields, but lengthy descriptions of 
their methods and apparatus should be avoided. Explicit refer- 
ence to original sources is usually sufficient. 

The methods and apparatus actually used in making the re- 
ported observations should be concisely described, with the aid 
of schematic diagrams whenever possible. Well-known methods 
and instruments should be described only in so far as they have 
been modified to fulfill special purposes. Detailed discussion of 
all of the methods and instruments that have been found to be 
inadequate are generally superfluous, but the difficulties that have 
been overcome should be briefly pointed out and explained. The 
precautions adopted to avoid constant errors should be explicitly 
stated and the processes by which unavoidable errors of this 
type have been removed from the measurements should be clearly 
described. The effects likely to arise from such errors should be 
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considered briefly and the magnitude of applied corrections should 
be stated. 

Observations and the results derived from them should be 
reported in such form that their significance is readily intelligible 
and their precision easily ascertainable. In many cases graphical 
methods of representation are the most suitable provided the 
points determined by the observations are accurately located 
and marked. The reproduction of a large mass of numerical data 
is thus avoided without detracting from the comprehensiveness 
of the report. When such methods do not exhibit the full pre- 
cision of the observations or when they are inapplicable on account 
of the nature of the problem in hand, the original data should be 
reproduced with sufficient fullness to substantiate the conclusions 
drawn from them. In such eases the significance of the obser- 
vations and derived results can generally be most convincingly 
brought out by a suitable tabulation of numerical data. An 
estimate of the precision attained should be made whenever the 
results of the investigation can be expressed numerically. 

Final conclusions should be logically drawn, explicitly stated, 
and rigorously developed in their theoretical bearings. They 
express a culmination of the author’s ideas relative to the inves- 
tigated phenomena and invite criticism of their exactness and 
rationality. Unless they are amply substantiated by the obser- 
vations and theoretical considerations brought forward in their 
support, and constitute a real addition to scientific knowledge, 
they are likely to receive scant recognition. 


TABLES. 


The following tables contain formule and numerical data that 
will be found useful to the student in applying the principles 
developed in the preceding chapters. The four figure numerical 
tables are amply sufficient for the computation of errors, but more - 
extensive tables should be used in-computing indirectly measured 
magnitudes whenever the precision of the observations warrants 
the use of more than four significant figures. 

The references placed under some of the tables indicate the 
texts from which they were adapted. 


TaBLE [,— Dimensions oF UNITS. 


Dimensions. 


Fundamental. Length, mass, time.| Length, force, time. 


[L] 
[L1FT?] 
[T] 
[F] 
[L?] 
[L*] 
[LF T?] 
[LL] 
Velocity, linear [LT] 

Velocity, angular [a4 
Acceleration, linear [LTS *] 
Acceleration, angular [iI 
Momentum [FT] 
[LPT] 
[LFT] 
[LF] 
[LF] 
[LF] 
[LFT-] 


212 


————. =~ 
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Taste II. — Conversion Factors. 


Length Units. 
Logarithm. 


1 centimeter (cm.) _ = 0.393700 inch . 5951654 
cs = 0. 0328083 foot 2.5159842 | 

S = 0.0109361 yard 2. 0388629 

1 meter (m.) = 1000 millimeters . 0000000 

ne = 100 centimeters . 0000000 

= 10 decimeters . 0000000 

1 kilometer (km.) . 0000000 

it . 7933503 

. 5159842 

1 inch (in.) . 4048346 

1 foot (ft.) = 2 ANCHE activin. yr crateis acre a ie .0791812 

E = 30.4801 centimeters - 4840158 

1 yard (yd.) . 5563025 

Eom us 4771218 

oo = 91.4402 centimeters . 9611371 

1 mile (ml.) = 5280 feet . 7226339 

ee = 1760 yards . 2455127 

= 1609.35 meters , 2066497 

= O<SOSa0 2 Knob (Weis. ines ehieme eras . 9387157 


iz3 


“ce 


Mass Units. 


= 1000 milligrams . 0000000 

= 100 centigrams . 0000000 

= 10 decigrams . 0000000 

=(0552/4 Os0UN Ce: (ava) peereae ee eek 3. 5474542 

== 0200220462) pound (aye ase. er ser . 8433342 

= 0. 000068486 slugg 5. 8355997 

1 kilogram (kg.) = 1000 grams . 0000000 
1 ounce (0z.) (av.) = 28.3495 grams . 4525458 
a =) (COD jarowtne! (GNA) Poucaaasccesc . 7958800 

wy = 0.0019415 slugg . 2881455 

1 pound Cb.) (av.) = 16 ounces (av.)..................-- . 2041200 
ay 453. 5924277 grams . 6566658 

se = 0.0310646 slugg . 4922655 

1 slugg (sg.) eet 1 OP HOUNGS. CAV \jeacicvex'e cle aid weiss . 5077345 
ae = 515.06 ounces (ay.)....-....05+-5.- . 7118545 


oe = 14601.6 grams . 1644003 
1 short ton (tn.) = 20M OUMASE (Alvis) aeeersie suerte ttstelts ole . 8010300 
AY = 907.185 kilograms . 9576958 

s = 62.129 sluggs 
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Taste Il.— Conversion Facrors (Concluded). 


Force Units. 

The following gravitational units are expressed in terms of the earth’s 
attraction at London where the acceleration due to gravity is 32.191 ft./ sec. 
or 981.19 cm. [eC Logarithm. 
1 dyne = 1.01917 milligram’s wt 0. 0082469 

“ = 0.00101917 gram’s wt 3. 0082469 
ee = 2.2469 X 10-6 pound’s wt........... 6.3515811 
1 gram’s wt. = 981.19 dynes 2.9917531 
1 kilogram’s wt. = 1000 gram’s wt 3. 0000000 
Me = 98.119 X 104 dynes 5.9917531 
s = 2.20462 pound’s wt 0. 34383342 
1 pound’s wt. = 0.45359 kilogram’s wt 1. 6566658 
= 44.506 X 10! dynes . 6484189 

1 pound’s wt. (local) = g/32.191 pound’s wt. at London. 

g = local acceleration due to gravity in ft./sec. . 


Mean Solar Time Units. 

1 second (s.) = 0.016667 minute . 2218487 
4 = 0.00027778 hour . 4436975 

we = 0.000011574 day . 0634863 

1 minute (m.) = 60 seconds . 7781513 
. 2218487 

oe = 0.00069444 day . 8416375 

1 hour (h.) = 3600 seconds . 5563025 
f = 60 minutes . 7781513 

a = 0.041667 day . 6197888 

1 day (d.) = 86400 seconds . 9365137 
H . 1583625 


. 8802112 
1 mean solar, unit . 0011874 


“cc 


Angle Units. 
1 circumference = 360 degrees . 5563025 
et =2 radians. . 7981799 
. 7981799 
1 degree (°) . 2418774 
us . 7781513 


. 5563025 

1 minute (’) . 4637261 

st =i) \OLOGG(depreey ner aary erie ee . 2218487 

@ = 60 seconds . 7781513 

1 second (") 6855749 

ss = 2.7778 X 10~— degrees . 4436975 

sf = 0.01667 minute . 2218487 

1 radian = 57.29578 degrees . 7581226 
4 = 3437.7468 minutes . 5362739 

oe = 206264.8 seconds 5.3144251 


“ 


73 
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TaBLE IIJ.— TrigoNomErricaL RELATIONS. 


. a a 
DUNC P RSG Caley pon 


= i (eta — e—ia) 
2% 


a, = 1 —cos2a = 1 
y 2 cosec a 


Stes @ cose tana 
= 2sin=cos— = = 
2 2 cota seca 


tan a il 
= -=cosatana 


se V1 + tan? a a VI + cot? a 
= sin 8 cos (8 — a) — cosB sin (8 — a) 
= cos @sin (8 +a) — sinBcos (6+ a). 


bt, = cosa 


sin¢a= 
2 


2tana 
1+ tana 
sin? a = 1 — cos?a = — $ (cos2a — 1). 


sin 2a =2sina cosa = 


sin (a +8) = sina cosB + cosasin£B. 
sin a + sin @ = 2sin3 (a + £8) cos4 (a+ 8B). 
sin? a + sin? 8B = 1 — cos (@ + £8) cos (a — B). 
sin? a — sin? 8 = cos’ 6 — cos’a = sin (a + B) sin (a — B). 
V1 + sina =sin}a+cos}a. 
V1 — sina = + (sinda — cosfa). 
cos a9 = 1 — +G- 
= 3 (eta + eta) 


= V1 —sin? Aire Peas 


= 1 —2sin?4a@ = cos*}a — sin?} 
ps ee OG oe 
Vi-+tanta Vi1+cot?a 
cota _ 1 
coseca seca 
= cos B cos (a + 8) + sin #sin (a + 8) 
= cos# cos (@ — a) + sin #sin (6 — a). 


7 q/it cosa 
cos; a = eT ae 
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Taste II].—TricgoNoMETRICAL RELATIONS (Continued). 


cos 2a =2cos*a —1=1 —2sin?a 


cos? sin? CAS 
= Qa _ < a = a caer a aoe . 
1+ tan? a 


cos? a = 1 — sina = 3 (cos2a+1). 

cos (a + 8) = cosa cos# + sina sin Bp. 

cos a + cos B = 2.cos 4 (a + B) cos 3 (a — B). 
cosa — cosB = — 2sin3 (a+ B) sin} (a — B). 
cos? a + cos? 6 = 1+ cos (a + B) cos (a2 — B). 


cos? a — cos? 6 = sin? 6 — sin?a == sin (a + 8) sin (a — B). 


cos? a — sin? B = cos (a + 8) cos (a — B) = cos? B — sin? a. 
sina + cosa = V1+sin2a. 
sina — cosa = V1—sin2a. 
sin? a + cos? a = 1. 
sin? a — cos?a = — cos2a. 
tana=a+fae'+%,e +507 +---7>a>—T 

1 ete —] 

4 eta t+ 
sina singa | 1—cos2a 
cosa 1-+cos2ea sin 2 a@ 


eco) i 1 sin @& 
1+ cos2a cos? a Say te taincier 


1 


meeccers 
COSeC @ 


= u = cota — 2cot 2a 

cot a 

_ sin(«# +8) +sin (a — 8) _ cos (a — 8) — cos(a+ 8) 
cos (a+ 8) +cos(a—B) sin(a+ 8) —sin (a —£)~ 


= Vse?'a —1'= 


V cose? a — 1 


lant 2tane a 2cota as 2 . 
* “1 =tante otal _cte= tana 


4 tan a 
tan} a = ———— = coseca — cot a. 
1+ seca 


tan a + tan B _ cos 28 — cos2a 
l+tanatan6B sin26B+Fsin2a— 
sin (a + B) | 
cos a cos B 


tan (a + B) = 


tana +tan B = 
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Tasie IIl.—Triconomerricat ReLations (Concluded). 


= ertia + 1 


ie — J] 


_cosa sin2a@ —_1+cos2a 
sina 1—cos2a sin 2a 


_q/ltcos2a_ cosa _ V1—sin’a 
SCI 4@ ~ Wl [eae sin @ 


cosec a — 1 
= = Veosee?? a — 1 = ————__— 
Bere Vseca —1 


1 
a ae = tana + 2 cot 2a. 


1—tan’a _cot?a—1 _ cota —tana 
2 tan a 2cota 2 


1 
cosec a — cota 


cot 2a = 


cot 5a = (1 + sec a) cot a = 


1+ tanatan6 _ cotacotfhF1- 
tan a + tanB cotB + cota 


sin (6 + a) | 
sin a sin B 


cot (a+) = 


cot a +cat B= 


TasLe LV. — SERIES. 


Taylor’s Theorem. 
fetmh=fe@ty@+era@+-- +4 ym) t+. 
fe rh, yh, 2+1) 
aut (aoths tig)uta(he ths +z) u 


[feted 3 
es +E (tg ths tig) ut ay 


where ni) (8, Ih, Do 


Maclaurin’s Series. 


fe) =fO +P OF5P O++ ++ +570 O). 
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TaBLe IV.—Sertes (Concluded). 


Binomial Theorem. 
—1 
(Oy) ae aoe tes min) Lymn ts . 
m(m—1)... (m = £3) mn 
n! 


y”, 


when m is a positive integer, also when m is negative or fractional and 
x >y. When x < y and mis fractional or negative the series must be 
taken in the form 
Oi) aay eet ae oes oe 2 Vine es 
m(m—1)...(m—n+1) 
n!} 


Miho Noh 


rpc 

Fourler’s Series. 
f (x) = 5b + bi cos™= + br cos=™ + bs cos ™ + Seis 
+a sin™ + asin =™ + a, sin 32 4 S560 


Marx 


iL yprre 
lin = = ee f (x) cos | a, 
2 ha ee 2 “deus 
am = = ff@ sin —— de, 


provided f (x) is single valued, uniform, and continuous, and c > x > 
—c. For values of x lying between zero and c the function may be ex- 
panded in the form 


. We. Sn PAs eo Te 
ip@) = a 8in ~~ + a2sin ~~ + asin — = + sey, 


| ONY irom me 
where am = = f f (a) sin ae. 
0 


Also f (a) = 5b +b, cos™ + bs cos=™ + b; cos = 4 eecer, 


Zhe? marx 
where bm = = f IH@) cos ~— de. 
General Series. 
Sree ee ee ee ae 
Lae Re PNET usr iene Ct 
(x log a)? 


(x log a)8 
sF aI ae 


3! 


x log a 
1 


a®=1+ =e 


loge =(¢ -1) 5 (r — 1)? +4 (2-1) - - 


ra = i1\3 sine 
loge = 2=4 45(7 \+3(2 te 


2 x x 
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Tasie V. — Derivatives. 


U, V, W any functions; a, b, c constants. 


0 
ae ae. 


Ox 


6) 
a a’ = a loga. 
= ef” = ge, 


Ons 
— sin x = cosa. 
Ox 


Oo. OU. fe) 5 
—sinaU =acosaU —; —cosx =— sina. 
Ox Ox Ox 


2 pe 0 Zak 2 
= —— = sec? a; = cot © = —.— = — cosec? 2. 
cos? & Ox sin? x 


(a) (6) 
—secx = tanzsecz; — cosec 2 = — cot x cosec x. 
Ox Ox 


a5 i = COU. ¢ log cosx = — tanz 
5z log sine = ¢ nes 53 108 — : 


The following expressions for the derivatives of inverse functions hold 
for angles in the first and third quadrants. For angles in the second and 
fourth quadrants the signs should be reversed. 
see, ee) 1 


(ont 
—sin—¢ = ——— — cos-1 4 = — ———— 
Ox Ace Ox V1 — 2 


p a 1 
— —1 es feet — —1 S_— —_"" 
eee ane Mean tre eta 
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TasiE VI. — SoLutTion or EQUATIONS. 


The following algebraic expressions for the roots of equations of the 
second, third, and fourth degrees are in the form given by Merriman. 
(Merriman and Woodward, ‘(Higher Mathematics’’; Wiley and Sons, 
1896.) 

The Quadratic Equation. 
Reduce to the form 
v+2axr+6=0. 
Then the two roots are 
m=—-at+Vae—b; m=—-a—Vat—b 


The Cubic Equation. 
Reduce to the form 


v+3ar+3bre+2c =0. 
Compute the following auxiliary quantities: 
B=—a@-+)d; C =a —Fab + ¢; 
s = (-C+VB+Q)!; s =(—C—-VB+ Cc) 
Then the three roots are 
f= —a- (sis), - | 
v_ =—a — 3 (81 +52) +4 V—3 (si — 82), 
xg =—a — 3 (81 +82) —§$ V—38 (si — 82). 
When 3B? + C? is negative the roots are all real but they cannot be de- 
termined numerically by the above formule owing to the complex nature 


of s; and sz. In such cases the numerical values of the roots can be deter- 
mined only by some method of approximation. 


The Quartic Equation. 

Reduce to the form 

a +4ax? +6 br? + 4cx +d =0. 

Compute the following auxiliary quantities: “ 
g=@—b; h=¥+ce—2abe+dg; kh =4ac—B—3d; 
b=3h+ VP +e) +3 — Vie +e)t; 
u=gtl, v=2¢g-l1l, w=4wW+3k —129. 

Then the four roots are 

a =—at VutVot Vu, 
tm =—a+Vu-—Vv+vu, 
p= — ae Vin eV eV, 
% =—a—Vu—Vn— Vw 


d 


in which the signs are to be used as written provided that 2 a? — 3 ab +-c 
is a negative number; but if this is positive all radicals except Vw are to 
be changed in sign. 

The above expressions are irreducible when h? + k? is a negative number. 
In this case the given equation has either four imaginary roots or four real 


roots that can be determined numerically only by some method of approxi- 
mation. 
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Taste VII. — Approximate Formuba. 


In the following formule, a, 8, 4, etc., represent quantities so small that 
their squares, higher powers, and products are negligible in comparison with 
unity. The limit of negligibility depends on the particular problem in 
hand. Most of the formule give results within one part in one million 
| when the variables are equal to or less than 0.001. 


+ea)"=1l+na; (1—a)"=1—na. 
. d+a)??=1+2a; (l—a)?=1—-2a. 
. Vitea=14+a; Vi —a=1—-a. 


1 
eae 


il 


per soe (Taryn 


' OFayt Sai tive: 


i at ee ae 
at RON Ime 
. lta)(1+6)(144)...=lteatBptis::. 


GQ ta)Uts)*-- yaaa pa. Fhe: :. 
“(+5)(lte)... 


1— 


/ 2 
. («c+a)= al +) = 7 - 2'ta: 


When the angle «, expressed in radians, is small in comparison with unity 
a first approximation gives 


10. sna=a; sin (tc+a)=sinx+acosz. 
11. cosa =1; cos (x +a)= cose F asin &. 


a 
12. tana =a; tan (w +a) = taney + a7" 


The second approximation gives 


. Ge 
13. sina =a-; 


2 
a 
14. csa=1—=; cos a=1— a’. 


8 2 
15. tana =a+; tan? = at (14 3a')- 


(Kohlrausch, ‘‘Praktische Physik.”) 
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TaBLeE VIII. — NumericaL CoNstTANTS. 


Logarithm. 
Base of Naperian logarithms: e = 2.7182818 0. 4342945 


Modulus of Naperian log.: M = lot = 2.30259 0. 38622157 


Modulus of common log.: a = log e = 0. 4842945 1. 6377843 


log. « = M logi x 


EOE m = 3.14159265 0. 4971499 


2m = 6.28318550 0. 7981799 


1 _ 9 3183099 1. 5028501 
Tv 


x = 9.8696044 , 0.9942998 
Vr = 1.7724539 0. 2485749 


= 0. 7853982 . 1.8950899 


= 0. 5235988 1.7189986 | 


w = Precision constant; & = Unit error; A = Average error; 
M =Mean error; £ = Probable error. 

ae = 0.31831 1. 5028501 
wees 0.39894 1.6009101 


1. 4298888 


0.0980600 


= 0. 84535 1.9270387 


SI nity B/S =|S = 


1. 8289787 
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Taste IX.—ExponentiaL Functions. 


x logig (e”) e GH x log 10 (e”) e* e* 
0.00000 1.0000 | 1.000000 2.17147 148.41 | 0.006738 
0.04843 1.1052 | 0.904837 2.21490 164.02 | 0.006097 
0.08686 1.2214 | 0.818731 2.25833 181.27 | 0.005517 
0.18029 1.3499 | 0.740818 2.30176 200.34 | 0.004992 
0.17372 1.4918 | 0.670320 2.34519 221.41 | 0.004517 
0.21715 1.6487 | 0.606531 2.38862 244.69 | 0.004087 
0.26058 1.8221 | 0.548812 2.43205 270.43 | 0.003698 
0.30401 2.0138 | 0.496585 2.47548 298.87 | 0.003346 
0.34744 2.2255 | 0.449329 2.51891 330.30 | 0.003028 
0.39087 2.4596 | 0.406570 2.56234 365.04 | 0.002739 
0.438429 2.7183 | 0.367879 2.60577 403.43 | 0.002479 
0.47772 3.0042 | 0.332871 2.64920 445.86 | 0.002243 
0.52115 3.3201 | 0.801194 2.69263 492.75 | 0.002029 
0.56458 3.6693 | 0.272532 2.73606 544.57 | 0.001836 
0.60801 4.0552 | 0.246597 2.77948 601.85 | 0.001662 
0.65144 4.4817 | 0.223130 2.82291 665.14 | 0.001503 
0.69487 4.9530 | 0.201897 2.86634 735.10 | 0.001360 
0.73830 5.4739 | 0.182684 2.90977 812.41 | 0.001231 

78173 6.0496 | 0.165299 2.95320 897.85 | 0.001114 
82516 6.6859 | 0.149569 2.99663 992.27 | 0.001008 
86859 7.3891 | 0.135335 3.04006 | 1096.6 0.000912 
91202 8.1662 | 0.122456 3.08349 | 1212.0 0.000825 
95545 9.0250 | 0.110803 3.12692 | 1339.4 0.000747 

. 99888 9.9742 | 0.100259 3.17035 | 1480.3 0.000676 
.04231 | 11.023 0.090718 3.21378 | 1636.0 0.000611 
.08574 | 12.182 0.082085 3.25721 | 1808.0 0.000553 
|.12917 | 13.464 0.074274 3.30064 | 1998.2 0.000500 


3.34407 | 2208.3 | 0.000453 
3.38750 | 2440.6 | 0.000410 
3.43093 | 2697.3 | 0.000371 


3.47436 | 2981.0 | 0.000335 
3.51779 | 3294.5 | 0.000304 
3.56121 | 3641.0 | 0.000275 
3.60464 | 4023.9 | 0.000249 
3.64807 | 4447.1 | 0.000225 


3.69150 | 4914.8 | 0.000203 
3.73493 | 5431.7 | 0.000184 
3.77836 | 6002.9 | 0.000167 
3.82179 | 6634.2 | 0.000151 
3.86522 | 7332.0 | 0.000136 


3.90865 | 8103.1 | 0.000123 
8.95208.| 8955.3 | 0.000112 
3.99551 | 9897.1 | 0.000101 
4.03894 |10938. 0.000091 
4.08237 |12088. 0.000083 


4.12580 |13360. 0.000075 
4.16923 |14765. 0.000068 
4.21266 |16318. 0.000061 
4.25609 |18034. 0.000055 


0 
0 
0 
0 
0 
0 
1 
1 
J 
1.17260 | 14.880 | 0.067206 
1.21602 | 16.445 | 0.060810 
1.25945 | 18.174 | 0.055023 
1.30288 | 20.086 | 0.049787 
1.34631 | 22.198 | 0.045049 
1.38974 | 24.533 | 0.040762 
1.43317 | 27.113 | 0.036883 
1.47660 | 29.964 | 0.033373 
it 
1 
1 
il 
1 
1 
1 
1 
i 
1 


.52003 | 33.115 | 0.030197 
.56346 | 36.598 | 0.027324 
.60689 | 40.447 | 0.024724 
.65032 | 44.701 | 0.022371 
.69375 | 49.402 | 0.020242 


.73718 | 54.598 | 0.018316 
.78061 | 60.340 | 0.016573 
.82404 | 66.686 | 0.014996 
.86747 | 73.700 | 0.013569 
.91090 | 81.451 | 0.012277 


1.95433 | 90.017 | 0.011109 
1.99775 | 99.484 | 0.010052 
2.04118 |109.95 0.009095 
2.08461 |121.51 0.008230 
2.12804 1384.29 0.007447 4.29952 |19930. 0.000050 


2.17147 1148.41 0.006738 |! 10.0 | 4.34204 0.000045 


Taken from Glaisher’s ‘‘ Tables of the Exponential Function,” Trans. Cambridge Phil. Soc., 
vol. xiii, 1883. This volume also contains a ‘‘ Table of the Descending Exponential to Twelve 


or Fourteen Places of Decimals,” by F. W. Newman. 


PE RUPP ib IB RIB coco dew CoWWwt NNNNN NNNNN BHR EEE OSOOO COSCO 
OONON PONS OWNAMT RPWNHO OMNIA RWNHO OBNON BWNHHO CONDOS RwWNMHO 
SOO SOE SOS 2000000000 00.0000 0000 MINMINININT NSININININI MAAAA MAHWAH rowenenen crenergren 
WIAA PWNS CONAM RWNHS CHINA RPWNHOS CHUAN RWNHHO CHOON ROWNEO 


io) 
ie) 


or 
Oo 
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TABLE X.— HXPONENTIAL FUNCTIONS. 


Value of e® and e-*? and their logarithms. 


4 
ag 
<) 


8 
is) 


log Cu 


0.00434 
0.01737 
0.03909 
0.06949 
0.10857 


0.15635 
0.21280 
0.27795 
0.35178 
0.43429 


0.52550 
0.62538 
. 73396 
85122 
.97716 


11179 
.25511 
40711 
.56780 
.73718 


91524 
. 10199 
29742 


(=) 
We) 
We) 
(=) 
> 
Or 


.23693 
18452 
. 14086 
10540 


77305 X 10-1 
.90076 X 104 
.89164X 10-1 
27052 X 10-1 
18316 x 10-1 


12155 x 10-1 
79071 X 10 
.50417 X 10-2 
.31511 x 10 
. 19305 x 10-* 


11592 x 10 
. 68232 x 10-3 
.39367 X 10-3 
. 22263 X 10-3 
12341 x 10-8 


67055 x 10-4 
380713 x 10-4 
. 18644 x 10-4 
.95403 x 10-5 
47851 x 10-5 


28526 X 10 
11337 x 10 
53554 X 10-8 
24796 x 10-* 
11254 x 10- 


50062 x 10-7 
21830 x 10-7 
93302 x 10-8 
.39089 X 10-8 
. 16052 x 10-8 


64614 x 10-9 
25494 x 10-° 
98594 x 10-19 
37376 X 10-1 
13888 x 10-10 


OR W NNER Be eee 


1.2936 x 10 
1.7993 x 10 
2.5534 x 10 
3.6966 x 10 
5.4598 x 10 


8.2269 x 10 
1.2647 x 10? 
1.9834 x 10? 
3.1735 X 10? .60154 
5.1801 Xx 10? 71434 


8.6264 x 10? 2.93583 
1.4656 x 108 3.16601 
2.5402 x 10* 3.40487 
4.4918 x 10 3.65242 
8.1031 x 108 3.90865 


1.4913x 104 4.17357, 
2.8001 x 104 4.44718 
5.3637 X 10! 4 72947 
1.0482 x 105 5.02044 
2.0898 x 10° 5.32011 


4.2507 x 105 5.62846 
8.8204 x 10° 5.94549 
1.8673 x 10° 6.27121 
4.0329 x 10° 6.60562 
8.8861 x 10° 6.94871 


1.9975 x 107 7.30049 
4.5809 x 107 7.66095 
1.0718 x 108 8.03011 
2.5582 X 108 8.40794 
6.2296 x 108 8.79446 


1.5476 x 10° 9.18967 
3.9226 x 10° 9.59357 
1.014310" |} 10.00615 
2.675510] 10.42741 
7.200510! | 10.85736 


NNNNRF BRR Ree OOO 
MICO! COICSICICOIDS! DOIDOIDIIDOIDOL FA et) ett ett et et tt tt tt 


SSS999+99999 S9999 99999 S9999 SSO999 FO009 OOSS9 COSOOSD OSOSO: 


0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
iil 
1.2 
1.3 
1.4 
1.5 
1.6 
Lee 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 
2.9 
3.0 
3.1 
3.2 
3.3 
3.4 
3.5 
3.6 
Sad 
3.8 
3.9 
4.0 
4.1 
4.2 
4.3 
4.4 
4.5 
4.6 
4.7 
4.8 
4.9 
5.0 


RHI OIC! CIOIMOIDICO NINN OI! DADIGUSUOU HOI HS IH 


fmt th td ped He 
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TaBLE XI.—Vauus or THE PROBABILITY INTEGRAL. 
2 MY = IN 
Pa=— fed; taVrw4. 
at ; : TW i 


PR iff. iff, Pa 


(0.00000 0.84270 
01128 0.84681 
02256 85084 
.03384 .85478 
04511) .85865} ¢ 
05637) 86244 
.06762 86614 
07886 .86977 
09008 .87333 
10128 .87680 
11246 .88021 
12362 .88353} ¢ 
13476 .88679 
14587 .88997 
15695 89308 
16800 .89612 
17901 .89910 
18999 .90200 
20094 .90484 
21184 .90761 
. 22270 .91031 
23352 .91296 
24430 .91553 
25502 .91805 
.26570 
. 27633) 


(Ez) (=) 
Oo 
Ooo 
He CO 
Ree 


oo 
x] 
co 

eae ee OO GF gm re ro pre arena 
Jt 


Cooooooeso 
TOTO 
oo 
I 
i=) 


oocooococoo 


Www 
IW EE Or 
mad 


Sooossoesoessosssos 
ize) 
iw) 
Db 


Nomwwww 
COOK 
eer eS) 


Nw why 
Om NINT 
NOON 


ans 
i) 
Or 
iw) 


i=) 
bo 
co 
lor) 
so 
i=) 


0.29742 
0.30788 
0.31828 
0.32863 
0.33891 
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TaBLe XII.— VALUES OF THE PROBABILITY 
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Taste XTV.— For Computina PropaBLe Errors By FoRMULE 
(81) AND (82). 
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(Merriman, ‘‘ Least Squares.’’) 
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Tanpitp XV.—For CompuTiING ProBABLE HRRoRS BY FoRMUL@ (84). 
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TasLeE XVI.—Squarus or NumBers (Concluded). 
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TABLES O21 


Taste XVII.— Loaarirums; 1000 To 1409. 


(Bottomley, ‘Four Fig. Math. Tables.”’) 
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-* Taste XVIII. — Locarirams. 
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* From Bottomley’s Four Figure Mathematical Tables, by courtesy of The Macmillan Company, 
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TABLE XVIII. — Logarirums (Concluded). 
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* TaBLE XIX.— NATURAL SINES. . 
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* From Bottomley’s Four Figure Mathematical Tables, by courtesy of The Macmillan Company, 
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9595 
9641 


9548 
9598 
9646 


9558 
9608 


9655 


9553 
9603 
9650 
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9659 | 9664 


9668 


9673 


9681 


9686 


9690 


9694 | 9699 


al 


9793 | 9707 
9744 | 9748 
9781 | 9785 


g7i1 
9751 
9789 


9715 
9755 
9792 


9724 
9763 
9799 


9728 
9767 
9803 


9732 
Dil fe 
9806 


9736 
Miler 
9810 


9749 


9778 | 1 
9813] 1 


— 


9816 | 9820 
9848 | 9851 
9877 | 9880 


9823 
9854 
9882 


9826 


9357 
9885 


9833 
9863 
9890 


9836 
9866 
9893 


9839 
9869 
9895 


9845 
9874 
9900 


9842 
9871 
9898 


HH DI|HONH|YH|HHW]WWW WWW IA ILARAAILAAA LUUU[THIUUN|UAaAD! Anal! al W 


9903 | 9905 
9925 | 9928 
9945 | 9947 


9907 
993° 
9949 


9910 
9932 
OO5E 


9914 
9936 
9954 


9917 
9938 
9956 


9919 
9940 
DIY 


9921 
9942 
9959 


9923 
9943 
9960 


to 
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9962 | 9963 


9965 


9966 


9969 


9971 


9972 


9973 | 9974 


-_ 


_~ 
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9976 | 9977 
9986 | 9937 
9994 | 9995 


9998 | 9999 


9978 
9988 


9995 


9999 


9979 
9989 
9996 


9981 
9990 
9997 


9982 
9991 
9997 


9983 
9992 
9997 


9985 
9993 
9998 


9984 
9993 
9998 


9999 


I‘000 


I°000 


I°000 


nearly. | nearly. | nearly. 


1°000 |1°000 


nearly. 


nearly. 
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236 THE THEORY OF MEASUREMENTS 


* TaBLE XX.—NaTURAL COsINEs. 


O! 6’ | 12'| 18! | 24'| 80’ | 36’| 42'| 48’ | 54']1 2 3) 4 5 
I'000 }I*000 |I"000 |£°000 jI*000 | 9999 | 9999 | 9999 | 9999 | 9999 


nearly. | nearly. | nearly. } nearly. 
9998 | 9998 | 9998 | 9997 | 9997 | 9997 | 9996 | 9996 | 9995 | 9995 
9994 | 9993 | 9993 | 9992 | 9991 | 9990 | 9990 | 9989 | 9988.) 9937 
9986 | 9985 | 9984 | 9983 | 9982 | 9981 | 9980 | 9979 | 9978 | 9977 


9976 | 9974 | 9973 | 9972 | 9971 | 9969 | 9968 | 9966 | 9965 | 9963 
9962 | 9960 | 9959 | 9957 | 9956 | 9954 | 9952] 9951 | 9949 | 9947 
9945 | 9943 | 9942 | 994} 9938 | 9936 | 9934 | 9932 | 9930 | 9928 


9925 | 9923 | 9921 | 9919 | 9917 | 9914 | 9912 | 9910 | 9907 | 9905 
9903 | 9900 | 9898 | 9895 | 9893 | 9890 | 9888 | 9885 | 9882 | 9880 
9877 | 9874 | 9871 | 9869 | 9866 | 9863 | 9860 | 9857 | 9854 | 9851 


9848 | 9845 | 9842 | 9839 | 9836 | 9833 | 9829 | 9826 | 9823 | 9820 


9816 | 9813 | 9810 | 9806 | 9803 | 9799 | 9796| 9792 | 9789 | 9785]1 1 
9781 | 9778 | 9774 | 9779 | 9767 | 9763 | 97591 97551.9751 | 9748] 1 
13 || 9744 | 9749 | 9736 | 9732 | 9728 | 9724 | 9720| 9715 | 9711 | 9707] 1 


14 || 9703} 9699 | 9694 | 9690 | 9686 | 968x | 9677 | 9673| 9668 | 9664] 1 
15 || 9659 | 9655 | 9650 | 9646 | 9641 | 9636 | 9632 | 9627 | 9622 | 9617] 1 
16 || 9613 | 9608 | 9603 | 9598 | 9593 | 9588 | 9583 | 9578 | 9573 | 9568 | 1 


17 || 9563} 9558 | 9553 | 9548] 9542 | 9537 | 9532] 9527 | 9521 | 9516] 1 
18 |) 9511 | 9505 |-9500 | 9494 | 9489 | 9483 | 9478 | 9472 | 9466 | 9461] 1 
19 || 9455 | 9449 | 9444 | 9438 | 9432 | 9426 | 9421 | 9415 | 9409 | 9403] I 


20 || 9397 | 9391 | 9385 | 9379.| 9373 | 9397 | 9361 | 9354 | 9348 | 9342] 1 


21 || 9336 | 933° | 9323 | 9317 | 9311 | 9304 | 9298 | 9291 | 9285 | 9278] 1 
22 || 9272 | 9265 | 9259 | 9252] 9245 | 9239 | 9232] 9225 | 9219 | 9212] 1 
23 || 9205 | 9198 | 9191 | 9184] 9178 | 9171 | 9164] 9157 | 9150| 9143] 1 


24 || 9135 | 9128 | 9121 | 9114] 9107 | 9100 | 9092 |, 9085 | 9078 | 9070 | x 
25 || 9063 | 9056 | 9048 | go4r | 9033 | 9026 | 9018 | gorr | 9003 | 8996] 1 
26 || 8988 | 8980 | 8973 | 8965 | 8957 | 8949 | 8942 | 8934 | 8926 | 8918] 1 


27 || 8910 | 8902 | 8894 | 8886 | 8878 | 8870 | 8862 | 8854 | 3846 | 8838] 1 
4 28 || 8829 | 8821 | 8813 | 8805 | 8796 | 8788 | 8780] 8771 | 8763 | 8755) 1 
29 || 8746 | 8738 | 8729 | 8721 | 8712 | 8704 | 8695 | 8686 | 8678 | 8669 | 1 


30 || 8660 | 8652 | 8643 | 8634 | 8625 | 8616 | 8607 | 8599 | 8590 | 8581 


81 |) 8572 | 8563 | 8554 | 8545 | 8536 | 8526 | 8517 | 8508 | 8499 | 8490 
} 32 || 8480} 8471 | 8462 | 8453 | 8443 | 8434 | 8425 | 8415 | 8406 | 8396 
33 || 838718377 | $368 | 8358 | 8348 | 8339 | 8329 | 8320 | 8310 | 8300 


84 || 8290 | 8281 | 8271 | 8261 | 8251 | 8241 | 8231 | 8221 | 8211 | 8202 
35 || 8192) 8181 | 8171 | 8161 | 8151 | 8141 | 8131 | 8121 | 8111 | 8100 
36 || 8090 | 8080 | 8070 | 8059 | 8049 | 8039 | 8028 | 8018 | 8007 | 7997 


387 || 7986 | 7976 | 7965 | 7955 | 7944 | 7934 | 7923] 7912 | 7902 | 7891 
38 || 7880 | 7869 | 7859 | 7848 | 7837 | 7826 | 7815 | 7804 | 7793 | 7782 
39 || 7771 | 7760 | 7749 | 7738 | 7727 | 7716 | 7705 | 7694 | 7683 | 7672 


40 || 7660 | 7649 | 7638 | 7627 | 7615 | 7604 | 7593] 7581 | 7570 | 7559 


41 || 7547 | 7536 | 7524 | 7513] 7501 | 7490 | 7478 | 7466 | 7455 | 7443 
42 || 7431 | 7420 | 7408 | 7396 | 7385 | 7373 | 7361 | 7349 | 7337 | 7325 
43 || 7314 | 7302 | 7290.| 7278 | 7266 | 7254 | 7242] 7230 | 7218 | 7206 


44 |) 7193] 7181 | 7169 | 7157 | 7145 | 7133 | 7120] 7108 | 7096 | 7083 


4V.8,— Numbers in difference-columns to be saeecved sat added, 


(—} 

{e) 
° 
° 
° 
° 
° 


(2) (eh I) Xe) fe), Ko || Foote) 


~ 
= 
1) 


me) 
wOeH| Oo] OMAt| Oar! one 


— 


NNN] NNN 


DI ADA! A! ann UuUnnlnnns|/HRIPERALPAA OW |wlwww!] dy dH] oR DHbd 


PIDHDH LHP IPA HA | WWW [WWW WwW lWWWlWWwWN! HNN] NH! NHN] NN & 


nilornv|o|orn 
J, 00} 00.00 00/ Go| NyST Na | SrsT DAD! Al Dounl[UuMnMs[UpAIA AAA |lWHWWlWWNH]| YN HHS] eel emo 


* From Bottomley’s Four Figure Mathematical Tables, by courtesy of The Macmillan Company. 


TABLES 237 


Taste XX.—Narurat Cosines (Concluded). 


12’ 
7046 | 
6921 é 


6794 | 
6665 | 


6534 
6401 
6266 
6129 
5990 
5850 


5797 


5563, 
5417 
5270 
5120 


497° 
4818 


4664 
4509 
4352 


4195 


4035 
3875 
3714 
3551 
3387 
3223 
3057 
2890 
2723 
2554 
2385 
2215 
2045 
1874 
1702 
1530 
1357 


1184 
IOII 


0837 
0663 
0488 
0314 Lace letras Pr ape | 
O140 0052 | 0035 | OO17 


DANN ND DAD! AAD AAD! D AAD) onuMJuUnn[ufunglunnl[nunnlalannlapalpaaa la] yg 


WWO } HO |OWWO | OOO |OW CO} CO} COC 00} 0000 GO} 0000 00} CO} C000 00] COC Oo} sass J J J IAA! a| 


fon) 
ie) 


N.B.— Numbers in difference-columns to be subtracted, not added, 


* From Bottomley’s Four Figure Mathematical Tables, by courtesy of The Macmilla 


238 THE THEORY OF MEASUREMENTS 
* Taste XXIJI.—NatTuRAL TANGENTS. 

o’ | 6 | 12'| 18! | 24’| 80’ | 86’| 42’) 48'| 54']1 2 3) 4 5 
0°||-0000 | 0017 | 0035 | 0052 | 0070 | 0087 | or05 |o122|0140| 0157/3 6 9] 12 14 
1 ‘O175 0192 | 0209 | 0227 | 0244 | 0262 | 0279 | 0297 | 0314 | 0332]3 6 9] 12 15 
2 ||-0349 | 0367 | 0384 | 0402 | 0419 | 0437 | 0454 | 0472 | 0489-0507] 3 © 9] 12 15 
3 ||:0524 | 0542 | 0559 | 0577 | 0594 | 0612 | 0629 | 0647 | 0664 | 0682} 3 6 9| 12 15 
4 ||-0699 | 0717 | 0734 | 0752 | 0769 | 0787 | 0805 | 0822 | 0840 | 0857} 3 6 9] 12 15 
5 ||0875 | 0892 | og10 | 0928 | 0945 | 0963 | 0981 | 0998 1016 | 1033/3 6 9] 12 15 § 
6 ||-1051 | 1069 | 1086 | 1104 P1122 | 1139 | 1157] 1175 | 1192|/1210]/3 6 g/ 12 15 
% ||-1228 |] 1246 | 1263 | 1281 | 1299 | 1317 | 1334] 1352 | 1370] 1388] 3 6 9| 12 15 
8 ||-1405 | 1423 | 1441 | 1459] 1477 | 1495 | 1512] 1530] 1548) 1566/3 6 9] 12 15 
9 ||-1584 | 1602 | 1620} 1638] 1655 | 1673 | 1691} 1709 | 1727]1745]3 6 9] 12 15 

q 10 ||-1763| 1781 | 1799 | 1817] 1835 | 1853 | 1871] 1890 | 1908 | 192613 6 g| 12 I5 
11 ||-1944 | 1962 | 1980 | 1998 | 2016 | 2035 | 2053 | 2071 | 2089 | 210713 6 g| 12 15 
12 ||-2126 | 2144 | 2162 | 2180] 2199 | 2217 | 2235 | 2254-12272 | 2290|3 6 g| 12 15 
13 ||-2309 | 2327 | 2345 | 2364 | 2382 | 2401 | 2419 | 2438 | 2456] 247513 6 9g] 12 15 
14 ||:2493 | 2512 | 2530 | 2549 | 2568 | 2586 | 2605 | 2623 | 2642 | 266113 6 g| 12 16 
15 ||'2679 | 2698 | 2717 | 2736| 2754 | 2773 | 2792] 2811 | 2830 | 2849/3 6 9] 13 16 
16 ||'2867 | 2886 | 2905 | 2924 | 2943 | 2962 | 2981 | 3000 | 3019 | 3038} 3 6 9| 13 16 
17 ||'3057 | 3076 | 3096 | 3115 | 3134 | 3153 | 3172] 3191 | 3211 | 323013 6 10] 13 16 
18 |/°3249 | 3269 | 3288 | 3307 | 3327 | 3346 | 3365 | 3385 | 3404 | 3424] 3 6 10] 13 16 
19 ||"3443 | 3463 | 3482 | 3502 | 3522 | 3541 | 3561 | 3581 | 3600] 3620/3 6 10) 13 17 
20 ||"3640 | 3659 | 3679 | 3699 | 3719 | 3739 | 3759 | 3779 | 3799 | 3819] 3 7 10| 13 17 
21 |/'3839 | 3859 | 3879 | 3899 | 3919 | 3939 | 3959 | 3979 | 4000 | go20] 3. 7 10] 13 17 
22 ||-4040 | 4061 | 4081 | 4101 | 4122 | 4142 | 4163 | 4183 | 4204 | 4224] 3 7 10} 14 17 
23 ||"4245 | 4265 | 4286 | 4307 | 4327 | 4348 | 4369 | 4390 | 4411 | 4431|3 7 10] 14 17 
24 ||'4452 | 4473 | 4494 | 4515 | 4536 | 4557 | 4578 |'4599 | 4621 | 4642) 4 7 10] 14 18 
25 |/4663 | 4684 | 4706 | 4727 | 4748 | 4770 | 4791 | 4813 | 4834 | 4856] 4 7 11] 14 18 
26 |\'4877 | 4899 | 4921 | 4942 | 4964} 4986 | 5008 | 5029 | 5051 | 5073]4 7 11] 15 18 
27 ||5095 | 5117 | 5139] 5161 | 5184 | 5206 | 5228] 5250] 5272|52905]4 7 11] 15 18 
28 |°5317 | 5340 | 5362 | 5384 | 5407 | 5430 | 545215475 | 5498| 5520/4 8 Ir] 15 19 
29 |)°5543 | 5566 | 5589 | 5612} 5635 | 5658] 5681 | 5704 | 5727|5750]4 8 12| 15 19 
30 ||'5774]| 5797 | 5820 | 5844 | 5867 | 5890 | 5914 | 5938 | 5961 | 5985]4 8 12] 16 20 
81 ||"6009 | 6032 | 6056 | 6080 | 6104 | 6128 | 6152 | 6176 | 6200] 6224] 4 8 12] 16 20 
82 ||'6249 | 6273 | 6297 | 6322 | 6346 | 6371 | 6395 | 6420 | 6445 | 6469] 4 8 12] 16 20 
33 ||"6494 | 6519 | 6544 | 6569 | 6594 | 6619 | 6644 | 6669 | 6694 | 672014 8 13] 17 21 
34 |/'6745 | 6771 | 6796 | 6822 | 6847 | 6873 | 6899 | 6924 | 6950| 697614 9 13| 17 21 
35 ||"7002 | 7028 | 7054 | 7080 | 7107 | 7133 | 7159] 7186 | 7212] 72390]4 9 13| 18 22 
36 ||'7265 | 7292 | 7319 | 7346] 7373 | 7400 | 7427] 7454 | 7481 | 750815 9 14| 18 23 
87 {7536 | 7563 | 7590 | 7618 | 7646 | 7673 | 7701 | 7729 | 7757| 778515 9 14] 18 23 
38 ||'7813 | 7841 | 7869 | 7898 | 7926 | 7954 | 7983 | 8012 | 8040 | 8069] 5 10 14] 19 24 
39 ||8098 | 8127 | 8156 | 8185 | 8214 | 8243 | 8273 | 8302 | 8332 | $361] 5 10 15 20 24 
40 |/°8391 | 842t | 8451 | 8481 | 8511 | 8541 | 8571 | 8601 | 8632 | 8662] 5 10 15] 20 265 
41 ||'8693 | 8724 | 8754 | $785 | 8816 | 8847 | 8878 | 8910 | 8941 | 8972] 5 10 16| 21 26 
42 ||'9004 | 9036 | 9067 | 9099 | 9131 | 9163 | 9195 | 9228 | 9260 | 9293] 5 11 16] 21 27 
43 |\9325 | 9358 | 9391 | 9424 | 9457 | 9490 | 952319556 | 9590| 96236 11, 22 28 
44 | 9657 | 9691 | 9725 | 9759 | 9793 | 9827 | 9861 | 9896 | 9930 | 9965]6 11. | 23 29 


Company. 


TABLES 939 


TaBLe XXI.—NartouraL TANGENTS (Concluded). 


o' | 6 |12'|18'|24’|30'|36'|42'|48'154]1 2 314 5 


45°|| 1-0000 | 0035 0070} O105} O41) 0176) 0212) 0247| 0283) 0319] 6 12 18] 24 30 


46 || 10355 | 0392 0428 0464] 0501/ 0538/ 0575] 0612| 0649| 0686] 6 12 18] 25 31 
47 || 10724. | 0761) 0799, 0837 0875] 0913} 0951] 0990) 1028] 1067] 6 13 19 25es2 
48 || 11106 | 1145] 1184) 1224] 1263] 1303] 1343] 1333 1423] 1463] 7 13 20] 26 33 
49 |) 11504 | 1544] 1585| 1626] 1667| 1708] 1750] 1792| 1833] 1875] 7 14 21] 28 34 
p50 || I°1918 | 1960] 2002) 2045] 2088] 2131] 2174] 2218| 2261| 2305] 7 14 22 29 36 
51 || 12349 | 2393] 2437] 2482] 2527| 2572| 2617] 2662| 2708) 2753] 8 15 23| 30 38 
f 52 || 1°2799 | 2846) 2892) 2938] 2985| 3032) 3079] 3127] 3175] 3222] 8 16 23 31 39 
p 8 || 13270 | 3319) 3367] 3416) 3465) 3514) 3564] 3613) 3663) 3713] 8 16 25] 33 a1 
| 54 || 1°3764 | 3814] 3865] 3916] 3968) 4019 4071] 4124] 4176| 4220] 9 17 26 34 43 


55 || 14281 | 4335) 4388) 4442] 4496) 4550) 4605] 4659] 4715] 4770] 9 18 27| 36 45 


#56 || 1°4826 | 4882) 4938) 4994] 5051 5108] 5166] 5224] 5282] 5340/10 19 29] 38 48 
57 || 15399 | 5458) 5517) 5577] 5637) 5697] 5757] 5818| 5880] 5941]10 20 30] 40 50 
#58 || 1°6003 | 6066) 6123) 6191] 6255) 6319) 6383] 6447| 6512| 6577111 21 32/ 43° 53 


59 || 1°6643 | 6709] 6775) 6842] 6909) 6977] 7045] 7113] 7182| 7251|11 23 34| 45 56 
p 60 || 17321 | 7391) 7461) 7532) 7603) 7675) 7747] 7820] 7893] 7966|12 24 36] 48 60 
1 61 || 18040 | 8115) 8190} 8265} 8341| 8418) 8495] 8572) 8650] 8728]13 260 38) 51 64 
i 62 || 1°8807 | 8887] 8967| 9047] 9128 9210] 9292} 9375] 9458] 9542/14 27 41| 55 68 
63 || 1°9626 | 9711| 9797) 9883] 9970) 0057] 0145] 0233) 0323) 0413/15 29 44] 58 73 
64 || 2:0503 | 9594) 0680) 0778] 0872) 0965) 1060] 1155] 1251] 1348]16 31 47] 63 78 
1 G5 || 271445 | 1543) 1642] 1742] 1842) 1943] 2045] 2148] 2251| 2355/17 34 51] 68 85 
66 || 2:2460 | 2506) 2673) 2781] 2889) 2998] 3109] 3220] 3332] 3445|18 37 55| 74 92 
67 || 2°3559 | 3973] 3789) 3906] 4023] 4142] 4262] 4383| 4504] 4627]20 40 60] 79 99 
f 68 || 2°4751 | 4876) 5002) 5129) 5257| 5386] 5517] 5649) 5782] 5916|22 43 65) 87 108 


7 69 || 2:6051 | 6187| 6325] 6464] 6605] 6746] 6889} 7034! 7179] 7326]24 47 71] 95 118 
10 || 2°7475 | 7625| 7775| 7929] 8083) 8239] 8397] 8556] 8716] 8878]26 52 78|104 130 
f 71 || 2°9042 | 9208) 9375| 9544] 9714] 9887| 0061] 0237| 0415] 0595]29 58 87/115 144 
72 || 3:0777 | og61| 1146) 1334] 1524] 1716) 1910] 2106} 2305] 2506/32 64 96\129 161 
1 73 || 3°2709 | 2914| 3122) 3332] 3544] 3759| 3977] 4197| 4420] 4646]36 72 108/144 180 
V4 || 3°4874 | 5105] 5339] 5576] 5816) 6059] 6305] 6554) 6806] 7062)41 32 122/162 203 


| 75 3°7321 | 7583] 7848) 8118] 8391| 8667| 8947] 9232] 9520) 9812146 94 139/186 232 


%6 || 4:0108 | 0408] 0713] 1022] 1335] 1653] 1976] 2303] 2635] 2972/53 107 160/214 267 
77 || 4°3315 | 3662] 4015] 4374] 4737] 5107| 5483] 5864] 6252/ 6646/62 124 186/248 310 
78 || 4°7046 | 7453] 7867| 8288] 8716) 9152] 9594] 0045| 0504] 0970173 146 219|292 365 


79 || 5°1446 | 1929] 2422| 2924] 3435| 3955) 4486 5026] 5578] 6140}87 175 262/350 437 
80 || 5°6712 | 7297| 7894) 8502] 9124) 9758| 0405 1066 eS oa S| 


1742] 2432 
81 |} 63138 | 3859] 4596] 5350] 6122] 6912| 7920] 8548) 9395) 0264 


82 || 7°1154 | 2066] 3002) 3962} 4947] 5958) 6996 8062 9158 0285 
83 || 81443 | 2636| 3863) 5126] 6427| 7769] 9152| 0579] 2052| 3572] —_Difference-columns 


I 84 |] 9°5144 |9°677|9°845| 10°02]10'20] 10°39 10°58] 10°78| 10°99/1 1°20 cpeee bee ee ee 


85 11°43 |11°66/11°91|12°16]12'43}12°71 — 13°30 — ses mie eee of the j 
| 86 14°30 |14°67/15°06/15'46]15°89] 16°35] 16°83]17°34/17'09/10'4 

87 708 hee oe 21°20]22'02|22'90| 23°86]24'90) 26'03|27°27 

88 34 |30°14|31°82|33°69]35°80] 38°19 40°92144°07|47°74|52°08 

89 ms 29 163°66)71°62/81'85}95°49|114°6 143°2|191°0 286°5 573°} 


240 THE THEORY OF MEASUREMENTS 


* TaBLE XXII.— NaturAL COTANGENTS. 


12’ | 18' | 24’ 
573°0|286'5|191°0]143°2 
See an 
14:46 17°89 17 34}t0°83 16'35|15°89]1 5°46] 15°00 14°67] noe putea olan 
13°95|1 3°62] 13°30|13°00 “43]12°16|11-91|11°60] (th ane Palas of the 
LI'20|10°99| 10°78]10°58 i F cotangent changes, 

3572| 2052) 0579] 9152 
0285] 9158] 8062} 6996 
0264) 9395| 8548] 7920 
2432| 1742| 1066] 0405 


i=) 
(e) 


SOmt| aor! wnr 


6140} 5578] 5026} 4486 
0970) 0504] 0045] 9594 8716] 8288| 7867| 7453|74 148 
6646} 6252| 5864] 5483 3662]63 125 
2972| 2635) 2303] 1976 
9812] 9520] 9232| 8947 
7062| 6806] 6554] 6305 
4646] 4420) 4197] 3977 
2506) 2305] 2106} I910 
0595| 0415] 0237] 0061 
8878] 8716} 8556} 8397 
7326| 7179| 7034] 6889 
5916} 5782) 5649) 5517 
4627| 4504] 4383] 4262 
3445] 3332| 3220] 3109 
2355| 2251| 2148] 2045, 
1348] 1251] 1155] 1060 
0413] 0323] 0233] 0145 
9542) 9458/ 9375] 9292 
8728] 8650} 8572] 8495 
7966} 7893| 7820] 7747 
7251| 7182| 7113] 7045 
6577| 6542) 6447) 6383 


5941] 5880) 5818] 5757 
5340] 5282] 5224] 5166 


4779} 4715) 4659] 4605 
4229] 4176) 4124] 4071 
3713} 3663} 3613] 3564 
3222) 3175) 3127] 3079 
2753| 2708) 2662] 2617 
2305] 2261] 2218] 2174 


1875| 1833] 1792] 1750 
1463] 1423] 1383] 1343 
1067) 1028] Oggo} 0951 
0686) 0649] 0612] 0575 


Dany | NI | NT 00 CO} COO 10 


0319| 0283] 0247] 0212 


a 


4V.8.— Numbers in difference-columns to be subtracted, not added. 


* From Bottomley’s Four Figure Mathematical Tables, by courtesy of The Macmillan Company. 


TABLES 241 


TaBLE XXII.—Narora, CorancEents (Concluded). 


6’ | 12 | 18’ | 24’| 30’ | 36’| 42’ | 48'| 54! 
45°)| ro |o'9965 0°9930! 0°9896}0"9861 09827] 0'979310"9759 |0'9725/0"'9691 


46 |)'9057 | 9623 | 9590 9556 | 9523 | 9490 | 9457 | 9424 | 9391 | 9358 
47 ||'9325 | 9293 | 9260 | 9228 | 9195 | 9163 | 9131 | 9099 | 9067 | 9036 
48 ||-9004 | 8972 8941 $910 | 8878 | 8847 | 8816 | 8785 | 8754 | 8724 
49 ||'8693 | 8062 8632 | 8601 8571 | 8541 | 8511 | 8481 | 8451 | S421 
50 ||'8391 | 8361 | 8332 | 8302 | 8273 | 8243 | 8214 | 8185 | 8156 | 8127 
§ 51 |/8098 | 8069 | 8040 | 8012 | 7983 | 7954 | 7926 | 7898 | 7869 | 7841 


[52 |/-7813 | 7785 | 7757 | 7729 | 7701 | 7673 | 7646] 7618 | 7590 | 7563 
53 ||°7536 | 7508 | 7481 | 7454 | 7427 | 7400 | 7373 | 7346 | 7319 | 7292 
54 ||'7265 | 7239 7212 7186 | 7159 | 7133 | 7107 | 7080 | 7054 | 7028 
§ 55 |)°7002 | 6976 | 6950 | 6924 | 6899 | 6873 | 6847 | 6822 | 6796 | 6771 


56 ||-6745 | 6720 | 6694 | 6669 | 6644 | 6619 | 6594 | 6569 | 6544 | 6519 
B97 |/6494 | 6469 | 6445 | 6420 | 6395 | 6371 | 6346 | 6322 | 6297 | 6273 
| 58 |}-6249 | 6224 | 6200 | 6176] 6152 | 6128 | 6104 | 6080 | 6056 | 6032 


59 |/-6009 | 5985 | 5961 | 5938 | 5914 | 5890 | 5867 | 5844 | 5820 | 5797 
60 {15774 | 575° | 5727 | 5704 | 5681 | 5658 | 5635 | 5612 | 5589 | 5566 
F BL {5543 | 5520 | 5498 | 5475 | 5452 | 5430| 5407 | 5384 | 5362 | 5340 
62 1/5317) 5295 | 5272 | 5250] 5228 | 5206] 5184] 5161 | 5139] 5117 
63 |)"5095 | 5073 | 5051 | 5029 | 5008 | 4986 | 4964 | 4942 | 4921 | 48909 
64 ||-4877 | 4856 | 4834 | 4813 | 4791 | 4770 | 4748 | 4727 | 4706 | 4634 


85 ||-4663 | 4642 | 4621 | 4599 | 4578 | 4557 | 4536] 4515 | 4494 | 4473 


66 |\°4452| 4431 | 4411 | 4390 | 4369 | 4348 | 4327 | 4307 | 4286 | 4265 
67 |\'4245 | 4224 | 4204 | 4183] 4163 | 4142 | 4122] 4101 | 4081 | 4061 
68 4040 | 4020) 4000 | 3979 | 3959 | 3939 | 3919 | 3899 | 3879 | 3859 


69 ||"3839 | 3819 | 3799 | 3779 | 3759 | 3739 | 3719 | 3699 | 3679 | 3659 
70 ||-3640 | 3620 | 3600 | 3581 | 3561 | 3541 | 3522 | 3502 | 3482 | 3463 
71 ||'3443 | 3424 | 3404 | 3385 | 3365 | 3346 | 3327 | 3307 | 3288 | 3269 
72 ||-3249 | 3230 | 3211 | 3191 | 3172 | 3153 | 3134] 3115 | 3096 | 3076 
73 ||3057 | 3038 | 3019 | 3000 | 2981 | 2962 | 2943 | 2924 | 2905 | 2886 
74 ||-2867 | 2849 | 2830 | 2811 | 2792 | 2773 | 2754] 2736 | 2717 | 2698 
75 ||'2679 | 2661 | 2642 | 2623 | 2605 | 2586 | 2568 | 2549 | 2530 | 2512 
76 ||-2493 | 2475 | 2456 | 2438 | 2419 | 2gor | 2382 | 2364 | 2345 | 2327 
77 ||'2309 | 2290 | 2272 | 2254 | 2235 | 2217 | 2199 | 2180 | 2162 | 2144 
78 ||-2126 | 2107 | 2089 | 2071 | 2053 | 2035 | 2016 | 1998 | 1980 | 1962 
79 ||-1944 | 1926 | 1908 | 1890 | 1871 | 1853 | 1835 1817 | 1799 | 1781 
80 ||\-1763] 1745 | 1727 | 1709 | 1691 | 1673 | 1655 | 1638] 1620] 1602 
81 ||1584} 1566 | 1548 | 1530] 1512 | 1495 | 1477] 1459 | 1441 | 1423 
82 ||-1405 | 1388 | 1370 | 1352] 1334 | 1317 | 1299 | 1281 | 1263 | 1246 
4-83 ||-1228] 1210| 1192] 1175] 1157 | 1139 | 1122] 1104 | 1086 | 1069 
84 ||-1051 | 1033 | 1016 | 0998 | 0981 | 0963 | 0945 | 0928 | OgI0 | 0892 
85 |/:0875 | 0857 | 0840 | 0822 | 0805 | 0787 | 0769 | 0752 | 0734 0717 
86 ||-0699 | 0682 | 0664 | 0647 | 0629 | 0612 | 0594 | 0577 | 0559 | 0542 
87 ||-0524 | 0507 | 0489 | 0472 | 0454 | 0437 | 0419 | 0402 | 0384 | 0367 
88 ||0349 | 0332 | 0314 | 0297 | 0279 | 0262 | 0244 | 0227 | 0209 | 0192 


89 |!0175 | 0157 | 0140 | 0122 | 0105 | 0087 | 0070 | 0052 | 0035 | CO17 
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N.B.— Numbers in difference-columns to be subtracted, not added. 
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TABLE XXIII. — Rapran MuBasure. 
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bo 
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0’ 6 12! 4 18" 24") 8029) 86" 4429) 480 


0.0000)0017|0035/0052)0070 0087|0105|0122/0140 
0.0175)0192|0209|0227}0244 |0262|0279)0297|0314 
0.0349|0367|0384/0401/0419 0436|0454|047 1/0489 
0.0524|0541/0559}0576)0593)0611|0628|0646|0663 
0.0698|0716|0733/0750|0768 0785|0803|0820|0838 
0.0873|0890/0908/0925 0942) 0960/0977|0995| 1012 


fe} 


0. 1047/1065}1082/1100) 1117/1134) 1152)1169/1187 
0. 1222/1239/1257/1274| 1292) 1309/1326) 1344/1361 
0.1396) 1414}1431/ 1449/1466) 1484/1501) 1518) 1536 
0.1571)1588]1606/ 1623) 1641) 1658} 1676) 1693]1710 
0.1745)1763/1780) 1798) 1815] 1833/1850) 1868) 1885 
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0. 1920) 1937/1955] 1972) 1990|2007|2025)2042)2059 
0. 2094/2112)2129|/2147/2164|2182)2199|2217|2234 
0.2269) 2286/2304) 2321|2339|2356|2374| 2391/2409 
0. 2443)2461/2478 | 2496) 2513) 2531|2548/ 2566/2583 
0.2618)2635|2653 | 2670) 2688] 2705|2723/2740|2758 


0.2793) 2810/2827|2845| 2862/2880) 2897|2915|2932 
0.2967) 2985/3002|3019|3037 | 3054) 3072|3089|3107 
0.3142/3159}3176)3194)/ 3211/3229) 3246|3264/3281 
0 .3316)3334|335 1/3368) 3386/3403) 3421|/3438)/3456 
0.3491|3508}3526 | 3543|3560)/3578/3595/3613/3630 


0.3665 |3683/3700/3718 3735|3752|3770)3787|3805 
0.3840 3857/3875|3892'3910)3927/3944/3962|3979 
0 .4014/4032)4049| 4067 | 4084) 4102/4119)4136|/4154 
0.4189) 4206} 4224) 4241 | 4259/4276/4294/4311/4328 
0.4863)4381)4398) 4416 4433) 4451/4468) 4485/4503 


0. 4538)4555/4573/4590) 4608}4625| 4643) 4660/4677 
0.4712)4730|4747/4765)/4782| 4800) 4817|4835|4852 
0 .4887)4904/4922/ 4939 4957|4974| 4992)|5009|5027 
0.5061/5079|5096| 5114 5131/5149|5166|5184/5201 
0 .5236|5253|5271/5288) 5306|5323/5341/5358/5376 


0.5411)5428)5445) 5463) 5480)5498|5515|/5533)5550 
0.5585)5603!5620/ 5637) 5655|5672|5690)5707|5725 
0.5760/5777|5794|5812)5829|5847|5864|5882|5899 
0.5934/5952/5969/ 5986 6004'6021!6039!6056|6074 
0.6109)6126|6144/6161/6178)6196)6213)6231/6248 


0.6283/6301)6318/ 6336 | 6353/6370|6388]6405|6423 
0.6458 |6475|6493)6510|6528)/6545|6562|6580|6597 
0.6632)6650)6667|6685|6702|6720/6737|6754|6772 
0. 6807/6824) 6842) 6859|6877|6894/6912|6929|6946 
0.6981|6999)7016|7034|7051/7069|7086|7103|7121 


0.7156|7173)7191|7208)7226)7243|7261)7278|7295 
0.7330) 7348) 7365) 7383 7400/7418) 7435/7453) 7470 
0.7505|7522)7540|7557 | 7575/7592) 7610|7627|7645 
0.7679) 7697\7714|7732)7749|7767)7784|7802|7819 
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(Bottomley, “‘ Four Fig. Math. Tables.’’) 
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TaBLe XXIII. — Rapian Muasure (Concluded). 
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7854 
8029 
8208 
.8378 
8552 
8727 


.8901 
9076 
9250 
9425 
9599 


9948 


0297) 
0472 


0647 
-0821 
.0996 
.1170 
1345 
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.1519 
. 1694 
. 1868 
2043 
2217 


1 
1 
1 
1 
1 


. 2392 
. 2566 
2741 
.2915 
. 3090 


. 8265 

3439 
. 3614 
. 3788 
. 3963 


4137 
4312 
. 4486 
4661 
4835 


.5010 
5184 
5359 
1.5533 
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9774/97 91 
0123/01 40 


7871 
8046 
8221 
8395 
8570 
8744 
| 


8919 
9093 
9268 
9442 
9617 


99 66 


0315 
0489 


0664 
0838 
1013 
1188 
1362 


1537 
1711 
1886 
2060 
2235 


2409 
2584 
2758 
2933 
3107 


3282 
3456 
3631 
3806 
3980 


4155 
4329 


4504/4521 


4678 
4853} 


5027 
5202 
5376 


7889 
8063 
8238 
8412 
8587 
8762 


8936 
9111 
9285 
9460 
9634 


9809 
9983 


7906 
8081 
8255 
8430 
8604 
8779 


8954 
9128 
9303 
9477 
9652 


9826 
0001 


0158 
0332 
0507 


0681 
0856; 
1030 
1205 
1380 


1554 
1729 
1903 
2078 
2252 


2427 
2601 
2776 
2950 
3125 


3299 
3474 
3648 
3823 
3998 


0175 
0350 
0524 


0699 
0873 
1048 
1222 
1397 


1572 
1746 
1921 
2095 
2270 


2444 
2619 
2793 
2968 
3142 


3317 
3491 
3666 
3840 
4015 


4172 
4347 


4696 
4870 


5045 
5219 
5394 


5551 


7924 
8098 
8273 
8447 
8622 
8796 


8971 
9146 
9320 
9495 
9669 


9844 
0018 
0193 
0367 
0542 


0716 
0891 
1065 
1240 
1414 


1589 
1764 
1938 
2113 
2287 


2462 
2636 
2811 
2985 
3160 


3334 
3509 
3683 
385: 

4032 


4190 
4364 
4539) 
4713 
4888 


5062 
5237 
5411 


4207 
4382 
4556 
4731 
4905 


5080 
§254 


7941 
8116 
8290 
8465 
8639 
8814 


8988 
9163 
9338 
9512 
9687 


9861 
0036 
0210 
0385 
0559 


0734 
0908 
1083 
1257 
1432 


1606 
1781 
1956 
2130 
2305 


2479 
2654 
2828 
3003 
3177 


3302 
3026 
3701 
3875 
4050 


4224 
4399 
4573 
4748 
4923 


5097 
5272 
5446 


5429 


5568 


5586 


5603 


5621 


7959 
8133 
8808 
8482 
8657 
83831 


9006 
9180 
9355 
9529 
9704 


9879 
0053 


0228 
0402 
0577 


0751 
0926 
1100 
1275 
1449 


1624 
1798 
1973 
2147 


2322 


2497 
2671 
2846 
3020 
3195 


3369 


3544 


3718}3736|3753 
3893)3910]38928 


7976 
8151 
8325 
8500 
8674 
8849 


9023 
9198 
9372 
9547 
9721 


9896 
0071 
0245 
0420 
0594 


0769 
0943 
1118 
1292 
1467 


1641 
1816 
1990 
2165 
2339 


2514 
2689 
2863 
3038 
3212 


3387 
3061 


7994 
8168 
8343 
8517 
8692 
8866 


9041 
9215 
9390 
9564 
9739 


9913 
0088 
0263 
0437 
0612 


0786 
0961 
1135 
1310 
1484 


1659 
1833 
2008 
2182 
2357 


2531 
2706 
2881 
3055 
3230 


3404 
3579 


8011 
8186 
8360 
8535 
8709 
8884 


9058 
9233 
9407 
9582 
9756 


9931 
0105 
0280 
0455 
0629 


0804 
0978 
1153 
1327 
1502 


1676 
1851 
2025 
2200 
2374 


2549 
2728 
2898 
3073 
3247 


3422 
3596 
3771 


3945 


4067/4085) 4102}4120 


4242|4259| 4277/4294 
4416|4434]4451/4469 
4591|4608] 4626/4643 
4765/4783] 4800/4818 
4940)4957|4975]4992 


5115|5132/5149|5167 
5289|/5307|5324|5341 
5464/5481|5499/5516 


5638/5656)5673/5691 
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INDEX. 
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Absolute measurements, 5. 
Accidental errors, axioms of, 29. 
errors, criteria of, 121. 
errors, definition of, 26 
errors, law of, 29, 35. 
Adjusted effects, 149. 
Adjustment of the angles about a 
point, 81. 
of the angles of a plane triangle, 93. 
of instruments, 15, 183. 
of measurements, 21, 42, 63, 72. 
Applications of the method of least 
squares, 203. 
Arithmetical mean, 
errors of, 51. 
mean, principle of, 29. 
mean, properties of, 42. 
Average error, defined, 44. 
Axioms of accidental errors, 29. 


characteristic 


B. 


Best magnitudes for components, 
fundamental principles, 165. 
general solutions, 167. 
practical examples, 173. 
special cases, 170. 


C. 


Characteristic errors, defined, 44. 
errors, computation of, 53, 57, 66, 
71, 99, 101, 112, 114. 
errors of the arithmetical mean, 51. 
errors, relations between, 49. 
Chauvenet’s criterion, 127. 
Computation checks for normal equa- 
tions, 83. 
Conditioned measurements, 17. 
quantities, determination of, 92. 


Constant errors, elimination of, 117. 
errors, defined, 23. 
Conversion factor, defined, 3. 
factor, determination of, 8. 
Correction factors, defined, 131. 
Criteria of accidental errors, 121. 
Criticism of published results, proper 
basis for, 117. 
Curves, use of, in reducing observa- 
tions, 198. 


D. 


Dependent measurements, 17. 
Derived measurements, defined, 12. 
measurements, precision of, 135. 

quantities, defined, 95. 
quantities, errors of, 99. 
units, 4. 

Dimensions of units, 5. 

Direct measurements, defined, 11. 
measurements, precision of, 130. 
Discussion of completed observa- 

tions, 117. 

of proposed measurements, general 
problem, 145. 

of proposed measurements, prelim- 
inary considerations, 144. 

of proposed measurements, primary 
condition, 146. 


E. 
Effective sensitiveness of 
ments, 183. 

Equal effects, principle of, 147. 
Equations, observation, 74. 

normal, 75. 
Error, average, 44. 

fractional, 101. 

mean, 46. 

probable, 47. 


instru- 
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Error, —Continued. 
unit, 31. 
weighted, 67. 
Errors, accidental, 26. 
characteristic, 44. 
constant, 23. 
definition of, 18. 
of adjusted measurements, 105. 
of derived quantities, 99. 
of multiples of a measured quan- 
tity, 98. 
of the algebraic sum of a number 
of terms, 95. 
of the product of a number of 
factors, 102. 
percentage, 104. 
personal, 25. 
propagation of, 95. 
systematic, 118. 
systems of, 33. 
Examples, see Numerical examples. 


F. 


Fractional error, defined, 101. 
error of the product of a number 
of factors, 102. 
Free components, 169. 
Functional relations, determination 
of, 15, 195, 198, 208. 
Fundamental units, 4. 


iG: 
Gauss’s method for the solution of 
normal equations, 84. 
General mean, 63. 
principles, 1. 
Graphical methods of reduction, 198. 


it. 


Independent measurements, 17. 

Indirect measurements, 11. 

Intrinsic sensitiveness of  instru- 
ments, 183. 


L. 


Law of accidental errors, 29, 35. 
Laws of science, 2. 
Least squares, method of, 72. 


M. 


Mathematical constants, use of, in 
computations, 153. 
Mean error, defined, 46. 
Measurement, defined, 2. 
Measurements, absolute, 5. 
adjustment of, 21, 42, 63, 72. 
derived, 12. 
direct, 11. 
discussion of, 117, 144. 
independent, dependent, and con- 
ditioned, 17. 
indirect, 11. 
precision of, 19, 130, 135. 
weights of, 61. 
Method of least squares, applica- 
tions of, 203. 
of least squares, fundamental prin- 
ciples of, 72. 
Mistakes, 26. 


N. 


Negligible components, 154. 
effects, 151. 
Normal equations, computation 
checks for, 83. 
equations, derivation of, 75. 
equations, solution by determi- 
nants, 114. 
equations, solution by Gauss’s 
method, 84. 
equations, solutions by indetermi- 
nate multipliers, 105. 
equations, solution with two in- 
dependent variables, 78: 
Numeric, defined, 2. 
Numerical examples: 
Adjustment of angles about a point, 
81. 
Adjustment of angles of a plane 
triangle, 93. S 
Application of Chauvenet’s crite- 
rion, 129. 
Best magnitudes for components, 
173, 175, 180. 
Characteristic errors of direct 
measurements, 56, 70. 


INDEX 


Numerical examples — Continued. 
Coefficient of linear expansion, 78. 
Discussion of proposed measure- 
ment, 157. 

Effective sensitiveness of potenti- 
ometer, 190. 

Errors of a derived quantity, 101. 

Fractional errors, 101. 

Precision of completed measure- 
ment, 140. 

Probable errors of adjusted meas- 
urements, 113, 115. 

Probable error of general mean, 69. 

Propagation of errors, 101. 

Solution of normal equations by 
Gauss’s method, 88. 

Weighted direct measurement, 69. 


O. 


Observation, defined, 15. 
equations, 74. 
standard, 62. 
Observations, record of, 16. 
report of, 211. 
representation of, by curves, 198. 


‘Pe 


Percentage errors, 104. 
Personal equation, 26. 
errors, 25. 
Physical tables, use of, 138. 
Precision constant, 35. 
Precision of derived measurements, 
135. 
of direct measurements, 130. 
of measurement, defined, 19. 
Precision measure, defined, 132. 
Preliminary considerations for select- 
ing methods of measurement, 
144. 
Primary condition, 146. 
Principle of the arithmetical mean, 
29. 
of equal effects, 147. 
_ Probability curve, 32. 
function, 34. 
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Probability curve — Continued. 
function, comparison with experi- 
ence, 40. 
integral, 37. 
of large residuals, 124. 
of residuals, 30. 
principles of, 28. 
Probable error, defined, 47. 
error of adjusted measurements, 
CG: 
error of the arithmetical mean, 53. 
error of direct measurements, com- 
putation of, 54, 55, 57. 
error of the general mean, 66, 68. 
error of a single observation, 54, 
68, 108. 
error of a standard observation, 62. 
Propagation of errors, 95. 
Publication, 209. 


R. 


Research, fundamental principles, 
192. 
general methods, 193. 
Residuals, defined, 27. 
distribution of, 29. 


probability of, 30, 124. 


8. 


Sensitiveness of methods and instru- 
ments, 183. 

Separate effects of errors, 133, 135. 
Setting of instruments, 15. 
Sign-changes, defined, 123. 
Sign-follows, defined, 123. 
Significant figures, use of, 19, 58. 
Slugg, defined, 9. 
Special functions, treatment of, 155. 
Standard observation, defined, 62. 
Systematic errors, defined, 118. 
Systems of errors, 33. 

of units, 7. 


4b 


Tables, list of, ix. 
Transformation of units, 8. 
Treatment of special functions, 155. 
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U. W. 
Unit error, 31. Weighted errors, 67. 
Units, c.g.s. system, 7. mean, 63. 
dimensions of, 5. Weights of adjusted measurements, 
engineer’s system, 7. 105, 112, 114. 
fundamental and derived, 4. of direct measurements, 61. 


systems in general use, 7. 
transformation of, 8. 

Use of physical tables, 138. 
significant figures, 19, 58. 
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